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Abstract

The research reported here consists of two distinct, but related
phases. First, measurements of the directional reflectance and degree
of polarization have been made for a variety of natural surfaces for several
wavelengths in the region .36 U< A < 1.03 y. It is found that the reflectance
of a given material generally increases with increasing wavelength, and
that the degree of polarization generally decreases with increasing wave-
length. The directional reflectance of the various materials considered
exhibits a local maxi mum in the direction of the source. Both laboratory
and sunlight measurements are presented, although differing angles of
illumination' preclude direct comparisons in most cases.

The second phase consists of introducing the measurements of both
directional reflectance and the degree of polarization (considered linear)
into the equation of radiétive transfer, These are used as boundary
conditions enabling one to compute the intensity and degree of polarization
of radiation emerging from the top of a planetary atmosphere. The
relevant assumptions and approximations are discussed in detail. In
some instances, comparisons are made with the corresponding solution

under the assumption that the "ground" is a Lambert surface.
p g

ii



I.

IIL.

III.,

Iv.

TABLE OF CONTENTS

Introduction
A, Summary
B. Background

Instrumentation and Measurement Techniques

A,
B.
C.
D.
E,

Theory of Measurement

Reflectometer Assembly Schematic
Optical System and Color Filter Curves
Electronics and Recording System
Operation and Calibration Procedure
Standard Surface Preparation

Samples and Sample Preparation

Data Reduction

Results of Measurements

A,
B.

Reflectance

Polarization

Computation of Radiation Emerging from Top of
Atmosphere

Ao

Theoretical Derivations

B. Approximations Used

C. Calculations of Emergent Radiation

References

Appendix A

iii

N

® O b b

10
17
18

19
20

21
21
63

99
99

[
le]
0

[
f—
>

146

149



LIST OF FIGURES

Title Page

Fig, 1 Schematic representation of apparatus 6
used in reflection measurements

Fig. 2 Schematic diagram of movable reflectometer 7
mount for reflection measurements

Fig. 3 Reflectometer in operation in sunlight. 9
Data are being taken on a sample of
clipped green grass. Construction
details are shown.

Fig. 4 Schematic of the Reflectometer Sensor 10
Head
Fig. 5 Relative transmission, as a function 11

of wavelength, of filters used in these
reflection measurements

Fig. 6 A block diagram of the recording 12
system is shown

Fig. 7 Photomultiplier tube voltage divider 13
and AC amplifier

Fig. 8 Detector and AC Amplifier Circuit - 14
for Silicon Photodiode

Fig. 9 Rectifier and DC Output Circuit 15
Fig. 10 Pulse Marker Circuit 16
Fig. 11 Directional reflectance of crushed 22

limestone (principal plane, 6, = 53°)

Fig. 12 Directional refiectance of crushed o 24
limestone (principal plane, 6 = 78.5)

Fig. 13 Directional reflectance of black 25
. L. o
loam soil (principal plane, 6, = 537)

Fig. 14 Directional reflectance of black loam o 27
soil (results independent of azimuth, 6, =0 )

iv



Fig.

Fig.

Fig.

Fig.

17

. 18

. 20

. 21

. 22

23

24

26

LIST OF FIGURES

Title

The dependence of the directional reflectance
upon source zenith angle is shown for pulverized
red limonite at a wavelength of 4920

Directional reflectance of black loam soil
(principal plane, 6, = 78. 5°)

Directional reflectance of desert sand o
(principal plane). For A= 36503., 6, = 40;
for other A's, 6, = 539

Directional reflectance of desert sand
(principal plane, 6, = 78. 5°)

Directional reflectance of desert sand
(results independent of azimuth, 90 =0

Directional reflectance of desert sand
is shown as a function of wavelength

Directional reflectance of clipped green
grass (results independent of azimuth,

6, =0)

Directional reflectance of clipped green
grass (principal plane). For A = 36504,
@ = 39.5°; for other A's, @ = 53°

Directional reflectance of clipped green
grass (principal plane, 6, = 78. 5°)
Directional reflectance of weathered
blacktop (principal plane, 90 = 78.5%)

Comparison of indoor laboratory source
and outdoor sunlight source measurements
of directional reflectances of desert sand

Directional reflectance of sunlit surfaces
of red clay and clipped green grass
(A = 36503, principal plane)

Page

28

30

31

32

33

34

36

37

38

39

41

43




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

27

28

29

30

31

32

33

34

35

36

37

38

LIST OF FIGURES

Title

Directional reflectance of sunlit surfaces
of desert soil (A = 49208, principal plane)

Directional reflectance of sunlit surfaces
of black loam and clipped green grass
(X = 49208, principal plane)

Directional reflectance of various surfaces
(X = 6430A, 6, = 0°, principal plane)

Directional reflectance of various surfaces
(A = 64303;, 90 = 5%, principal plane)

Directional reﬂectan%e of various surfaces
(A = 64303, 6, =78.5, principal plane)

Directional reflectance of fine and coarse
limonite (6, = 0", principal plane)

Directional reflectance of fine and coarse
limonite (6 = 539, principal plane)

Directional reflectance of fine and coarse
limonite (6, = 78. 5°, principal plane)

Directional reflectance of red limonite

(2Fe;,023H0) and yellow limonite
(Fe203H20) (% = 539, principal plane)

Hemispheric map of the directional

reflectance of blackéaai‘n s0il
(6, = 53.1°, A= 64303)

Hemispheric map of the directional

reﬂectan%e of deserf sand
(Go = 53,1, A= 6430A)

Hemispheric map of the directional

reflectance of clippegd green grass
(6, = 53.1°, A= 64304A)

vi

Page

45

48

49

51

52

53

55

56

58

59



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

39

40

.41

42

. 43

44

45

46

47

48

. 49

LIST OF FIGURES

Title

Hemispheric map of the directional reflectance o
of crushed limestone gravel (60 = 53.19, A= 6430A)

Hemispheric map of the directional reflectance

o)
of weathered blacktop (g = 53.1°, A= 6430A)
Degree of polarization of radiation reflected
from black loam soil (results independent of

azimuth, 60 = (P)

Degree of polarization of radiation reflected

from black loam soil (principal plane, 6 = 53. 1°)

Degree of polarization of radiation reflected

from black loam soil (principal plane, 90 = 78. 50)

Degree of polarization of radiation reflected

from clipped green grass (results independent

of azimuth, 90 = 0°)

Degree of polarization of radiation reflected

from clipped green grass (principal plane,

6, = 39. 59 for A= 3650&, for other curves

= 53.1°
6 )
Degree of polarization of radiation reflected

from clipped green grass
(principal plane, 90 = 78.5°)

Degree of polarization of radiation reflected
from desert sand (results independent of
azimauth, 90 = 0°)

Degree of polarization of radiation reflected
from desertgsand (principal plane, §, = 40°
for A = 3650A; for other curves 6, = 53.1°)

Degree of polarization of radiation reflected

from desert _sand (principal plane, 8, = 54°
for A = 3650A; for other curves 6 = 78. 59)

vii

Page

60

61

65

66

67

69

70

72

74

75

7



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

50

51

52

53

54

55

56

57

58

59

LIST OF FIGURES

Title

Degree of polarization of radiation reflected
from desert sand (principal plane, 90 = 40 .
54° for A= 36503; §, = 57, 5Ffor A= 4920%)

Degree of polarization of sunlight reflected
from samples of clay and grass (principal
plane, A= 36503)

Degree of polarization of sunlight reflected
from samples of desert soil and red clay
(principal plane, A= 49208; g, = 34° for red
clay; g = 37°for desert soil)

Degree of polarization of sunlight reflected
from samples of black loam and green grass

(principal plane, A= 49208; 6, = 22° for black

loam; §, = 37° for green grass)

Degree of polarization of radiation reflected
from various sample surfaces (principal
plane, A= 49202, g, = 0°)

Degree of polarization of radiation reflected
from various s%mple surfaces (principal
plane, A= 49204, g, =53°)

Degree of polarization of radiation reflected
from various ssmple surfaces (principal
plane, A= 49204, = 78.5°)

Degree of polarization of radiation reflected
from coarse anéi fine limogite (principal
plane, A= 4920A and 6430A; 6, = 0°)

Degree of polarization of radiation reflected

from coarse and fine 1ic1;ncnite {principal

plane, A= 49204, 64308, and 79604; §, = 53°)

Degree of polarization of radiation reflected
from coarse and fine limonite (principal
plane, X = 49202 and 64303; , = 78.5°)

viii

Page

78

79

81

82

83

85

86

87

88

90



Fig. 60

Fig. 61

Fig. 62

Fig. 63

Fig. 64

Fig. 65

Fig. 66

fxf
[
®
o
-~

Fig. 68

LIST OF FIGURES

Title Page

Degree of polarization of radiation reflected 91
from samples of red limonite and yellow o

limonite {principal plane, A= 4920A, 64301,

and 7960A; §, = 53°)

Hemispheric map of the degree of polarization 93

of radiation reflected from black loam soil
(6, = 53.1%, A= 6430R)

Hemispheric map of the degree of polarization 94
of radiation reflected from desert sand

(6, = 53.1°%, A= 6430R)

Hemispheric map of the degree of polarization 95

of radiatign reflected from clipped green grass
(6, = 53.1°%, X=64308)

Hemispheric map of the degree of polarization of 96
radiation reflected fgom crushed limestone gravel
(8, = 53.1°, A= 64304)

Hemispheric map of the degree of polarization of 98

radiation geﬂected from weathered blacktop
(g, = 53.1°, A= 64308)

Relative intensity of outward total radiation and of 116
the individual components, as a function of nadir

angle in the principal plane, for a red clay surface
(& = 53°, Xx= 49202)

Relative intensity of outward total radiation and of 118
the individual components, as a function of nadir

angle in the principal plane, for red clay surface
(6, = 53°, A= 64308

Relative intensity of outward total radiation and of 119
the individual components, as a function of nadir

angle in the principal plane, forya white quartz

sand surface (8, = 53%, X = 49204)

ix




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

69

70

71

72

74

. 75

76

LIST OF FIGURES

Title

Relative intensity of outward total radiation and of
the individual components, as a function of nadir

angle in the pr1nc1pal plane, for a white quartz
sand surface (§ = 53°, A= 64302)

Relative intensity of outward total radiation and of
the individual components, as a function of nadir
angle in the pr1nc1p%1 plane, for a white quartz
sand surface (6, A= 6430A)

Total intensity and intensity of individual components
of radiation emerging from top of slightly turbid
atmosphere overlying a surface of desert sand

(A= 49202, 8, = 78.5°, principal plane)

Total intensity and intensity of individual components
of radiation emerging from top of a slightly turbid
atmosphere overlymg a surface of desert sand

(A = 6430A 8, = 53°, principal plane)

Total intensity and intensity of individual components
of radiation emerging from top of slightly turbid
atmosphere overlying a surface of clipped green
grass. The components Iy and Igq are everyyghere

less than 0.002 and are not plotted. (A= 4050 A,
6, = 539, principal plane)

A comparison of the degree of polarization of the
emergent radiation of a clay surface and a Lambert
surface having an albedo the same as the clay surface
(Principal plane, A= 492083, g, = 53°)

A comparison of the degree of polarization of the
emergent radiation of a clay surface and a Lambert

surface having an albedo the same as the clay surface
(Principal plane, A= 6430A & = 53° )

A comparison of the degree of polarization of the
emergent radiation of a white quartz sand surface
and a Lambert surface having an albedo the same as

the sand surface (Principal plane, A= 4920% 6, = 53 °)

Page

121

122

128

129

130

133

1355

136



LIST OF FIGURES

Title Page

Fig. 77 A comparison of the degree of polarization of the 137
emergent radiation of a white quartz sand surface
and a Lambert surface having an albedo the same as
the sand surface (Principal plane, X=64303 » & = 530)

Fig. 78 Degree of polarization of light reflected from red 139
clay, as a function of angle of observation, for two
different wavelengths. §, = 53°, (Principal Plane)

Fig. 79 Degree of polarization of light reflected from white 140
quartz sand, as a function of angle of observation,
for three different wavelengths. 90 = 539, (Principal
plane)

Fig. 80 A comparison of the degree of polarization of the 141
emergent radiation of a white quartz sand surface
and a Lambert surface having an albedo thg same as
the sand surface (Principal plane, A= 6430A, 6, = 0°)

Fig. 81 Degree of polarization of the emergent radiation o 142
for a desert sand surface (Principal plane, A = 49204,
o
4 =78.5")
Fig. 82 Degree of polarization of the emergent radiation o 143
for a desert sand surface (Principal plane, A= 6430A,
_ 20
6, = 53°
Fig. 83 Degree of polarization of the emergent radiation o 145
for a green grass surface (Principal plane, A= 40504,
8, = 53°)

xi



Introduction

The present investigation was started in recognition of the very
important role which the reflection from a planetary surface plays in
determining the characteristics of sunlight which is returned to space from
the top of the planetary atmosphere. For the earth, such information finds
obvious application in the interpretation of data from meteorological satellites
and in problems of high altitude aerial photography. With respect to Mars,
the principal interest in surface reflection data is in deducing the properties
of the planetary surface material itself and in a better determination of the
density of the Martian atmosphere. Additional problems in which surface
reflection properties are important are a determination of the atmospheric
energy budget on both small and large scales, investigations of the spectral
distribution of skylight, and in bioclimatic and ecological studies.

The results reported here represent a continuation and elaboration
of previous work in the area of surface reflection. Since reports of the
earlier work are already available (Coulson, Bouricius, Gray - 1964, 1965),
every effort is made here to avoid unnecessary duplication of the discussions.
However a considerable number of new measurements have been made and
several new aspects of the problems have been investigated since those reports
were issued. It is mainly this new work which is detailed below. The report
is divided into three main sections, each of which is devoted to one part of

the problem. After a brief background survey of previous measurements,



the instrument and the procedures by which our measurements were made
are discussed in the first part of the report. The results of the measure-
ments, including both directional reflectance and degree of polarization of
the reflected radiation, constitute the second part. The third part is a
discussion of the methods and results of introducing the reflection measure-
ments into the radiative transfer equations and computing the characteristics
of the radiation which would be directed outward from the top of two different
models of the earth's atmosphere overlying different types of surface
materials. Finally, the paper entitled ''"Effect of Surface Reflection on the
Propagation of Optical Contrasts' which was presented at the Conference on
Atmospheric Limitations to Optical Propagation, Boulder, Colorado on
March 18, 1965 is included as an appendix.

Background

A relatively complete bibliography of the measurements by various
authors of the reflection properties of natural surfaces was give by Coulson
et al (1964, 1965). Before the present work was started, the most extensive
measuremnents of the reflectance of natural terrestrial surfaces were those of
Krinov (1947), in which the spectral reflectance, mainly in the nadir direction,
was determined for various soils, rocks, sands, and different types of
vegetation. The degree of linear polarization of visible light reflected from
various mineral substances was determined in series of measurements by
Lyot (1929) and Dollfus (1957, 1961) in an effort to explain the reflection

properties of the moon and planets. Aside from these relatively extensive




sets of measurements, data on both surface reflectance and state of
polarization of the reflected light have been scattered and sparse.

Since the time the bibliography mentioned above was issued, a number
of important publications on surface reflection characteristics have appeared.
Gates (1965) has given detailed spectra of the radiation reflected from
vegetation of various types. Kondratiev, et al (1965) have likewise shown
spectra of reflected radiation for vegetation as well as for fallow ground,
snow, and shallow water surfaces. Of particular interest in their results
is the increase of reflectance at all wavelengths with increasing zenith
angle of the sun. Hovis (1965) has measured the total spectral reflectance
of a number of iron oxide minerals in the wavelength range from 0.5 to 6.0
microns and found a relatively strong dependence of reflectance on particle
size, the dependence being most pronounced in the vicinity of 2 microns
wavelength., Effects of water of hydration in the materials are shown by
low reflectances at wavelengths of 0.9 microns and 3.0 microns. Similar
measurements on quartz minerals also show pronounced effects of absorption
by the water of hydration in the mineral, and confirm the fact that particle

R S
ai reilectance.



II. Instrumentation and Measurement Techniques
A. Theory of Measurement
The method of measuring directional reflectance has been given in
detail in a previous report (Coulson, Bouricius, Gray - 1964) and that dis-
cussion will not be repeated here. Briefly, however, directional reflectance

P (6,¢) at any nadir angle B8and azimuth ¢ is given by the relation

1(s, )
T0(0,0) = Tk (1r-n
S

Here I (6, ¢) is the intensity of radiation reflected from the sample and
Is (6 = 0) is the intensity of radiation reflected from a standard surface under
the same conditions of illumination. The factor 7 is a normalization constant
arising from the requirement that the hemispheric integration of directional
reflectance give the total monochromatic reflectance R (A) of the surface. If
we let 4 = cos 6, the total monochromatic reflectance for the standard
surface is

1 2n 1 27

Rs(x)=£0j PS(X)Bd#d(p=g()\)ggududw=ﬂg(k)=l, (11-2)

or g has the constant value 17-1.

The degree of linear polarization of the reflected radiation was
measured by rotating an analyzer in the optical system and measuring, as a
function of the angle ¥ between the plane of transmission of the analyzer and
an arbitrary direction, the relative intensity I ()) of the transmitted radiation.

For this case I (¥) =1/2 1+ Q cos 2 P + U sin 2 9 (1I-3)




where I, Q, and U are the well-known Stokes parameters (cf. Chandrasekhar,
1950). The maximum I_ .. of the transmitted radiation would occur when the
plane of transmission of the analyzer is parallel to the plane of polarization
of the reflected radiation, and the minimum Imin would occur after a further

rotation of the analyzer by /2. In both of these cases U = 0, and the degree

of plane polarization is given by

p = Imax = Imin (11- 4)

T .1
max min

For these measurements, the values of I and I . were determined from
max min

a strip chart record of 1 (¥) taken during the continuous rotation of the analyzer.



B. Reflectometer Assembly Schematic

The instrument which was used for the measurements is shown
schematically in Fig. 1. The material sample is contained in a 2 feet by
1 foot rectangular sample
tray, S, which is illuminated
by a light source, L, from a
zenith angle, 60. The surface

is viewed from a zenith angle,

6, and azimuth angle, ¢, by
Fig. 1 - Schematic representation

of apparatus used in reflection the photo-electric reflecto-
measurements

meter, R. The reflectometer
mount is shown in schematic form in Fig. 2. Basically it consists of a
circular 1 1/4" plywood base 8 feet in diameter. A circular section 5 feet in
dimater is cut from the center, thereby making an 8' plywood ring. A full
360° circular track on which the wheeled instrument carriage is mounted is
attached to the plywood ring. This permits the carriage to be positioned at
any desired azimuth angle ¢ with respect to the azimuth of the source and
provides for easily changing azimuth as required.

An instrument carrier arm which moves in a vertical plane through a
zenith angle 6 of 1 80° is attached to the movable carriage, thus providing two
degrees of freedom for the orientation of the instrument. The reflectometer
itself is mounted on the carrier arm in such an orientation that it always

views the surface at the center of the 5 foot hole in the plywood base,
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Table I - Notation used in expressions of the five
radiative components and not previously defined

D -
d -

h{-

el 21

(]

Vd
}4,-
¢-

subscript denoting direct transmission
subscript denoting diffuse transmission

a three element column vector, the elements

of which are given in terms of the measured

degree of polarization P (4, ¢ ) of the reflected

radiation and the angle x between the plane

of polarization and the vertical plane through

the viewed direction. The elements are
l1+P(mu,P)cos2x,1-P(pu,p)cos2x, 2P (x, ¢ )sin2x

total reflectance of the surface
atmospheric reflection matrix (cf. Chandrasekhar [19507)
subscript denoting '"standard'' case

Atmospheric transmission matrix (cf. Chandrasekhar [19507)

a known function of ¢ only. Tabulations
are available (cf. Sekera and collaborators [1952 19 53])

dummy variable of integration

dummy variable of integration

Y ()

¥Ye(pm) Quantities which are functions of Zand & or &,.

Tabulations are available. (cf. Sekera and

Ve (M) collaborators {1952, 1953 ]) .

¥r (o)

We now make the assumption that the diffuse radiation field is only

negligibly affected by the existence of the target, which is tantamount to

saying that the horizontal extent of the target is much smaller than the

horizontal extent of the background material. This assumption is obviously

valid in many practical problems, such as in the detection of so-called

cultural targets from a position above the atmosphere. Then, following
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GFA C

Fig. 4. Schematic of the Reflectometer Sensor Head

shining directly into the reflectometer showed that the polarization introduced
by the instrument is less than 0.50 %; which is about the limit of the instrument.

Measurements were made at the following wavelengths:

o

36504

40504

49204

64304

7960@

10250A
The filter curves are shown in Fig. 5.
o}

Measurements at 3650A were made only outdoors in sunlight because
of the difficulty of obtaining a source of sufficient strength at this wavelength
in the laboratory. Measurements at 102502‘ were made with a modified sensor
head in which the photomultiplier tube was replaced with a solid state detector.

D. Electronics and Recording System

A block diagram of the recording system in shown in Fig. 6. The
following figures show the details of the separate block items. Fig. 7 shows
the photomultiplier tube voltage divider and AC amplifier. Since the photo-
multiplier cathode response does not extend to 10, 2508, a solid state detector

was used with the 10, 2503 filter. This solid state detector and associated AC

amplifier is shown in Fig. 8. The AC signal from the AC amplifier is fed

10
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Fig. 5 Relative transmission, as a function of wavelength, of

filters used in these reflection measurements
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PM AC RECTI- PULSE STRIP
TUBE AMPLI- | o | FIER [ | MARKER| | CHART
FIER CIRCUIT RECORDER

v

Fig. 6. A block diagram of the recording system is shown.

into the rectifier circuit, shown in Fig. 9, which produces a D. C. output
proportional to the A. C. input. In order to have a reference on the chart
recording of the orientation of the analyzer direction, the analyzer is turned
by a synchronous motor from the same AC source as that which drives the
strip chart recorder. Once each revolution of the analyzer, a circuit is made
and broken. This circuit is a microswitch actuated mechanically from an
eccentric cam fastened to the rotating analyzer mounting. The electrical
circuit of the pulse marker is shown in Fig. 10. The pulse marker superposes
an instantaneous pulse on the D. C. signal from the rectifier. Thus the pulse
on the recording indicates the position angle of the analyzer at that time. By
direct measurement on the chart recording, the intensity at any angle, ¥, may

be obtained.

12
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Fig. 10. Pulse Marker Circuit.

As the microswitch rides up on the cam on the analyzer and closes
contacts, the relay, B, closes the normally open contact (N.O.) thus putting
a charge on C. The amount of charge is determined by the value of C and
the setting of R,. When the microswitch opens, the relay de-energizes,thus
discharging C through Ry. This causes a momentary pulse to appear on the
trace on the recorder.
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being equal, to use the I, component and reject, by means of polarizing optics,
the Ij component. This possibility has been discussed more fully by Fraser[1964b].
The total hemispheric distribution of Y; is shown by Fig. 6. The patterns
for Y and Y; are similar to that of ¥; , but the maximums are reduced and
broadened in accordance with the curves of Fig. 5.
The emergent intensity components for the case of desert soil, A= 6430 X.
and 8,= 53oare plotted as a function of nadir angle in the principal plane in
Fig. 7. The dominant roles played by Iy and Ijp are evident throughout a
wide angle around the nadir, as are the relatively minor contributions of the
atmospheric scattered components I(sﬂ)and I(BA). Introduction of this combination
into Eq. (8) produces the very high contrast transmission curves of Fig. 8.
Since the reflection of radiation at A= 6430 R from desert sand produces only
little polarization and the highly polarized components arising from atmospheric
scattering are weak, there is relatively little difference between the contrast
transmissions Y; and YJ . In sucha case there would not be a great advantage

in using polarizing optics for imaging devices viewing the surface from above

the atmosphere.

I
q—
Py
I4

An extreme case o ge optical thickness being combined with low

surface reflectance is represented by a clipped green grass surface at 4050 X.
The emergent intensity components for this sytem are shown by the diagram

of Fig. 9. As would be expected from the fact that the total reflectance of
green grass at A= 4050 X is only 0.026, all of the surface-reflected components
are extremely weak. The two components due to skylight incident at the surface,
Igpand Iyq » are too small to even plot usefully on this scale. The components
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o o o
(3) Series at azimuth ¢ = 0 as 6 was varied in 100 steps from 6 =0 to 6=70

and in 5° steps from 6= 70° to 6 = 80°,

(4) Secondary standard

(5) Repetition of (3) at ¢ = 450, 900, 1350, 1800, with a return to the secondary
standard after the series at each azimuth

°© 112.5° and 157.5°,

(6) Short series of 8= 70° 75° 80%at ¢ = 22.5°, 67.5
with a return to the secondary standard after the series at each azimuth
(7) Standard surface at 6= 0

This group of measurements, each of which gave directional reflectance
and degree of linear polarization, furnished adequate data for construction of
hemispheric maps of reflectance and state of polarization of the reflected
radiation.

F. Standard Surface Preparation

The standard surface was made by depositing approximately two

millimeters of magnesium oxide smoke on a flat aluminum plate which had
already been painted with a white paint of the type used to cover the temper-
ature elements of meteorological radiosondes. Thus a reflectance approaching
100% was assured. The standard surface was always viewed from the normal
direction, thereby avoiding any effects of a non-isotropic reflection pattern
of the magnesium oxide coating. This surface was used as a standard for all
indoor measurements. An attempt was made to use this same type of standard
surface outdoors, but the small gusts of wind would blow the magnesium oxide

layer away. Therefore, a block of magnesium carbonate was used as a

standard surface for outdoor measurements, These two standard surfaces
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were compared one with the other in laboratory measurements so that all
experimental data on samples could be compared in a consistent manner.

The source of illumination for all indoor measurements was an in-
candescent lamp. The light from this lamp, when viewed directly by the
reflectometer, was found to have less than 1% of linear polarization in the
principal plane. Experiments were performed to determine the effect of this
small amount of source polarization upon the reflection and polarization
characteristics of the various samples. The results of these experiments
showed that the effects were within experimental error, and so could be
neglected.

G. Samples and Sample Preparation

The following samples were used; some more extensively than the

others.
1. Crushed limestone (Philadelphia, Pa.)
2. Black loam (Mt. Ayr, Iowa)
3. Desert sand (Mojave, Calif.)
4. Clipped green grass (Philadelphia, Pa.)
5. Pulverized limonite (Tuscaloosa County, Ala.)
6. Weathered blacktop (Philadelphia, Pa.)
7. Quartz sand (Daytona Beach, Fla.)
8. Gypsum sand (White Sands National Monument, N. Mex.)
9. Yolo loam (Davis, Calif.)
10. Red clay (Philadelphia, Pa.)

Each sample was placed in a sample tray in such a manner that the surface
to be viewed was level with the sides of the tray. For the granular samples,
such as sands and soils, the surface was carefully levelled off by means of a
straight edge. Every effort was made to avoid directional effects being

introduced during the leveling process. The blacktop surface was readily
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adjusted for correct height in the sample tray. For the clipped green grass,
the effective top of the grass blades, as judged by eye, was made to coincide
with the level of the sides of the sample tray. Once the sample had been
chosen and prepared in a sample tray, the tray was placed upon the stage of
the reflectometer mount, where it was levelled and centered preparatory to
viewing.
H. Data Reduction

The experimental data were taken on a strip-chart recorder. The
equation giving the radiant intensity, I, as a function of analyzer angle of
rotation, ¥, is in the form of a sine wave; see equation (II-3). In order to
obtain the radiant intensity and degree of polarization, only the maximum
and minimum values of 1 (tb) were required. The maximum and minimum
values were read from the chart by eye and then punched onto computer
cards. A computer program was written to obtain values for times the
reflectance and degree of polarization from these raw data. Built into the
computer program was a third degree polynomial calibration equation to
adjust for the slight non-linearity of the recording system. A least squares
method was programed to obtain the numerical coefficients for the polynomial.
The experimental data for the least squares program were the neutral density
filter calibration data taken at the beginning of each day's operation. The
tabulated data of the computer output were manually plotted for graphic

presentation.
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II1 Results of Measurements

In this section, we discuss the results of surface measurements of
directional reflectance and degree of polarization. Several general charac-
teristics of the measured surfaces, such as increase of reflectance with
increasing wavelength, low reflectance corresponding to high polarization,
and high reflectance to low polarization, will be emphasized in the following
discussion. In addition to these characteristics, there is one other evident
conclusion: namely, that the natural surfaces investigated here exhibit
reflectance patterns which are not well approximated by either Lambert type
or Fresnel type reflection.

A. Reflectance

1. The Backward Maximum
One of the most universal characteristics observed in the surfaces

measured is the '""backward'" maximum, a relative maximum of the directional
reflectance in the direction toward the source. The magnitude of this maximum
is dependent on sample, wavelength, and source zenith angle. To illustrate
this maximum, as well as its dependence on the above parameters, we have
chosen samples of crushed limestone, black loam, and pulverized limonite.
In the follow{ng curves, the ordinate scale is Ttimes the directional reflect-
ance.

Fig. 11 shows the directional reflectance in the principal plane of a
crushed limestone sample, as a function of nadir angle, for several wavelengths
and a source zenith angle of 53°, (The individual particles vary in size from

1/2'" to 3/4", and are generally angular in shape as a result of the crushing
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Fig. 11 Directional reflectance of crushed limestone
(principal plane, 90 = 530)
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process). The position of the backward maximum is clearly indicated,

despite the fact that the dotted section of the various curves indicates an
interpolation. The interpolation is necessary since for 8 = 90, ® = 1800, the
observing instrument causes the sample tray to be in shadow. The magnitude
of the maximum does not vary greatly with changes in the wavelength. In
fact, in the backward direction, .46 <7 p < .50 for arll wavelengths at which
measurements were made. This particular sample is interesting in another
respect. Most surfaces exhibit a monotonic increase in reflectance as the
wavelength is increased. The crushed limestone sample provides an excep~-
tion to this, the measurements at A = 79602 being considerably lower than at
other wavelengths.

Fig. 12 shows the effect of a change in the source zenith angle 90 on
the magnitude of the backward maximum. These curves represent measure-
ments of the same surface at the same wavelengths, but for 90 = 78. 50. A
good estimate of the actual values of directional reflectance in the backward

direction is even more difficult here than previously, since it is difficult to

O . .
obtain measurements for § > 80 . The curves show a marked increase in the
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This is
typical of most surfaces.

Fig. 13 shows the directional reflectance in the principal plane of
black loam soil as a function of nadir angle, for several wavelengths and a
sourée zenith angle of 53°. (The sample was obtained in Southwestern Iowa
near the town of Mt. Ayr). This set of curves is distinctly different from that

of crushed limestone for the same source position. First, the magnitudes
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Fig, 12 Directional reflectance of crushed limestone
(principal plane, 6o = 78. 5°)
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of the backward maxima are more dependent on wavelength, T p varying
from .165 to . 445 as the wavelength varies from 4920% to 10250,8. Secondly,
the directional reflectance is seen to increase with increasing wavelength
throughout the principal plane.

Fig.14 shows curves for the same sample and same wavelengths, but
for 60= 0. The curves are symmetrical with respect to the nadir direction,
since the source is at the zenith, The magnitudes of the backward maxima
are seen to be substantially reduced when compared with the previous figure.
This is in accord with the observation of an increase in magnitude of the
backward maximum with an increase in the source zenith angle. Again, the
reflectance is seen to increase with increasing wavelength.

In Fig. 15, the increase in the magnitude of the backward maximum
with increasing 60 is emphasized by choosing one wavelength for a given
sample. The sample is pulverized limonite, having a mean particle size of
14 microns. The various curves represent the directional reflectance in the
principal plane, as a function of nadir angle, for a wavelength of 4920%, for
the following values of 6 02 23° 37° 532 677 78. 5. and 84. The magnitude

of the backward maximum increases rapidly with increasing 60 .

In the sections to follow, various other characteristics of the measure-

ments will be called to attention, and different samples will be used in
illustrations. It should be realized that some of these characteristics are
qualitatively independent of the sample. For example, in the following
curves the presence of a backward maximum is a general characteristic,

although the samples have been chosen to emphasize different features of
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the reflection pattern.

2. Variation of Reflectance with Wavelength

We have indicated previously that the reflectance of a given
sample generally increases for increasing wavelength, althrough crushed
limestone is a notable exception. Figures 13 and 14 showed such an increase
for black loam soil at 90= 53%nd 60 = 0? respectively, while Fig. 16 shows a
similar characteristic for black loam at 9°= 78. 5°.

Fig. 17 shows the directional reflectance of a sample of desert sand

obtained from the Mojave Desert about eleven miles northeast of Mojave.
The measurements for A = 4050%, 49202, 64302, 7960?%, and 10250.?& were
made in the laboratory for 90 = 530, while the measurements at 3650% were
made outdoors at a sun zenith angle of approximately 400. It should be pointed
out that a part of the outside illumination is in the form of diffuse light from-
the sky, whereas in the laboratory the sample is illuminated from a single
source. This difference may alter the relative shapes of the curves. Fig. 17
is a good example of the increase of reflectance with increasing wavelength,

o
as is Fig. 18, which shows the reflectance of desert sand at 9°= 78.5 .

o]
(6 = 54 for ) = 34580

Y o L4 TR S 6 " § L)

o
the desert sand sample for a source zenith angle of 0 .
The variation of reflectance with wavelength for desert sand can be
appreciated from Fig. 20, in which 7 p is shown as a function of A for three
o o o o 0
observation angles ( (1) ¢ =0, 6=45; (2) =180, 6=45; (3) 8 =0 ) for
o
source angle §, = 78.5 . The reflectance increases by a factor of three as

the wavelength increases from 40504 to 102508 for all three viewing angles.
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Figures 17 and 18 illustrate another feature which is frequently shown
by the measurements; that is, for source angles not near the zenith, the
directional reflectance exhibits a broad minimum in the region of the nadir.

A sample of clipped green grass provides another example of increased
reflectance for the longer wavelengths. Fig.21 shows the directional reflect-
ance in the principal plane as a function of nadir angle for the source at the
zenith. The reflectance is seen to increase sharply as the wavelength is
increased, the magnitude of #p being . 05 or less for A = 4920?\ and 6430}(\),
and ranging from . 20 to . 45 at longer wavelengths. Fig. 22 is also for the
clipped grass sample, but for different zenith angles of the source. In
addition to the laboratory measurements at A = 7960.(/-)\ and 102503 at 90 = 530.
a sunlight measurement for A = 36502 and 6, = 40° is presented. The broad
minimum surrounding the nadir direction and the maximum in the backward
direction are especially apparent at the longer wavelengths. The reflectance
at wavelength 7960% is apparently greater than that for 10250?\ at o = 0°
and 6 > 75°, This reversal in magnitude is very pronounced in Fig. 23, which
shows curves for the green grass sample for a source zenith angle of 78. 50.
For A =79604 and 102504, the curves are extended beyond 7P = 125% by use

of an auxiliary scale.

3. Absence of Specular Reflection

Another characteristic of the measured reflectance patterns
is the absence of specular reflection, as would be indicated by a maximum of
reflected intensity at the direction ¢ = 00, 6= 90. There are, however, surfaces
which exhibit strong forward reflection. Fig.24 provides such an example.
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This sample of weathered blacktop (asphalt) was obtained from a road surface
reconstruction project. The sample surface is not smooth, asphalt-covered
pebbles protruding as much as one eighth to three sixteenths inches above the
general level of the surface. Fig.24shows the directional reflectance in the
principal plane as a function of nadir angle for several wavelengths, for a
source zenith angle of 78. 5°. The values of T p are seen to exceed 125% for
=0, 6> 72. The reflectance increases with wavelength throughout most
of the range of nadir angles, the local backward maximum still persists, and
the broad minimum around the nadir direction is apparent.

4. Additional Sunlight Measurements

In several of the preceding figures, some sunlight measure-
ments have been included for comparison (A = 36502). In most instances,
however, the zenith angle of the sun for the 36 SOX wavelength measurement
did not correspond to the source zenith angle used for the longer wavelengths.
Fig. 25 shows an interesting comparison between indoor and outdoor measure-
ments and the same wavelength and similar zenith angles of the source. The
upper two curves of Fig. 25 show the directional reflectance of desert sand
in the principal plane, as a function of nadir angle, for a wavelength of 4920%.

The laboratory measurement was made for a source zenith angle 90 = 53°,

while the sunlight measurement was for a sun zenith angle of 570. Except in
the region surrounding the anti-solar direction, the two curves are quite
similar. In this direction, the magntiude of the backward maximum for the
sunlight measurement is about fifty percent higher than that for the laboratory

measurement. There is no apparent reason for this higher value, and further
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confirmation is desirable.

The lower two curves show sunlight measurements for the same
surface at A = 3650A. The sun zenith angles are 54 for the upper curve and
400 for the lower curve. The reflectance at A = 49202. is roughly twice that
at A = 36502.

Other examples of sunlight measurements are given by the curves of
Fig. 26. The upper curve shows the directional reflectance of red clay in
the principal plane as a function of nadir angle, for a wavelength A = 36502
and a sun zenith angle of 35°. The lower curve is for clipped green grass at
the same wavelength, but a sun zenith angle of 390.

Fig. 27 shows the measurements of directional reflectance in the
principal plane for red clay and desert soil at 49202. The sun zenith angle
is 340 for the red clay measurement and 370 for the desert soil.

Sunlight measurements for surfaces with much lower reflectance are
given by Fig. 28 . They show the principal plane measurements for black
loam and green grass at a wavelength of 492010\. The sun zenith angle for
the black loam measurement is 220, and that for the green grass curve is 360.

5. Comparison of Reflectance From Various Materials

The following figures show a comparison of directional
reflectance of various surfaces for measurements made at the same wave-
length. Fig. 29 shows measurements of directional reflectance in the princi-
pal plane at wavelength 6430% for six different samples. They are, in order
of increasing reflectance, green grass, black loam, pulverized limonite,

desert sand, beach sand, and gypsum sand. The source zenith angle is
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q) = 00. The curves show great differences in reflectance, low reflectance
corresponding to absorbent materials represented by the black loam and
limonite samples, and high reflectance corresponding to translucent materials
such as gypsum sand. The backward maximum, at least for this source
angle, is more pronounced for the limonite sample than for any of the others.
Interestingly enough, the variation of reflectance with nadir angle of observa-
tion is small for all samples with the source at the zenith. Fig. 30 shows
results for essentially the same samples, with the exception that Yolo loam
is included and limonite deleted. The measurements are again for wave-
length 64302., but the source zenith angle is 90 = 53°. There is a marked
increase in reflectance at this angle of incidence when compared to normal
incidence for all samples exceptthe green grass. An even greater increase
in reflectance is seen by comparing the previous two figures with Fig. 31 ,
which shows data for the same surfaces at wavelength A = 6430.2, but for a
source zenith angle of 78. 50. Both the white quartz sand and desert sand

measurements show 7 p>125% in the direction near the specular point, again

an example of strong forward reflection. The magnitude of the backward

[¢)
o
(]
4

maximum, as well ag its ratio ¢t tance in the nadir direction, is
seen to increase with increasing source zenith angle.

6. Effect of Particle Size

The measurements for the limonite sample provide some
information about the effect of particle size on directional reflectance. This

limonite was obtained from Wards Natural Science Establishment and is from

Tuscaloosa County, Alabama. The bulk form was run through a hammer mill,
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producing a sample with an average particle size of about 400 microns. In
the following curves, this is labeled as '""coarse'. A part of this sample was
further pulverized to an average particle size of 14 microns. This latter
sample is that described previously as ''limonite', and is designated as ''fine"
in the following curves.

Fig. 32 shows the directional reflectance of these samples in the
principal plane as a function of nadir angle, for wavelengths 49200A and 6430%,
with the source at the zenith. The difference in reflectance between the two
samples when measured at the longer wavelength is considerable when compared
to the measurements at 4920?6;. The '"fine" sample is seen to produce higher
reflectance at 6430%, while at 49202, the situation is reversed. The back-
ward maximum increases sharply as the anti-source direction is approached.

Fig. 33 represents measurements for the same samples, but for a
source zenith angle of 53°. In addition, measurements at 79602 are included.
It is evident that, at least for this material, the effect of a change in average
particle size becomes increasingly more important as the wavelength is
increased. Fig. 34 shows the directional reflectance at A = 4920‘2 and 64302
for a source zenith angle of 78. 50. The difference in the '"fine' and '"coarse"
curves, at least for the 64302\ measurement, seems to decrease with
increasing source zenith angle. As in the two preceding curves, the reflect-
ance of the '"coarse'' sample is slightly higher than the 'fine'" for the 4920;‘:

measurement.
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7. Comparison of Reflectance From Different Limonite Samples

There is one other interesting comparison to make between
the various limonite samples. Fig. 35 shows the effect of chemical composi-
tion or particle characteristics, or both, on directional reflectance. The
measurements are made at 49202, 6.4303:, and 79602; for a source zenith
angle of 530. The samples being compared are the fine red limonite
(ZFeZO2 3H2 O) shown in the preceding figures, and an industrially produced
yellow ochre powder (Fe203H2 O). For each of the three wavelengths, the
yellow limonite sample is seen to have the greater reflectance.

8. Azimuth Dependence of Directional Reflectance

It is interesting to see the variation of reflectance over the
whole hemisphere, as is shown by hemispherical maps of reflectance. The
following figures show isopleths of constant directional reflectance over the
hemisphere (the actual quantity shown is 100 x 7 ). Only one half of the
hemisphere is shown, since the measurements are symmetrical with respect
to the principalzplane. For each of the following surfaces, the albedo, R

m
(A, &) = IO Io p(p,p) 4 du do will be given. In the following figures
the origin of coordinates represents the nadir direction; nadir angles are
measured from the center (nadir direction) radially outward to 90o (horizon);
azimuth is measured counter clock-wise from 0°to 180° In all of these
figures, a certain amount of smoothing is necessary in drawing the contour
lines. Extrapolations are necessary to extend the data for 6> 80.

Fig. 36 shows a hemispheric map of directional reflectance for the

black loam sample; the source zenith angle is 530, and the wavelength is
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Q
6430A. For this sample, there is a general increase of reflectance with
increasing azimuth, and a strong gradient is observed near the backward

o o
direction (6= 53, ¢ =180 ). The calculated albedo, R, from these data is

. 089,

Fig. 37 offers a notable contrast to the previous figure. It shows
the directional reflectance of desert sand for a source zenith angle of 53o
and wavelength of 6430?\. The reflectance is much higher, the albedo being
.360. As was already shown in the plot of reflectance in the principal
plane, the sample exhibits rather strong forward reflection, in addition to
the local backward maximum. For this sample, there is considerable
symmetry present in the reflectance pattern. The broad minimum surrounding
the nadir direction is readily apparent.

Fig. 38 shows the reflectance pattern for a sample of clipped green
grass for a source zenith angle of 53oand wavelength 64302. The reflectance
is seen to be small over the whole hemisphere, the albedo being . 037.

Fig. 39 , which shows a hemispheric map of the reflectance from
crushed limestone, exhibits a reflectance pattern similar to that of black
loam, except that the limestone sample provides much higher reflectance, the
albedo being . 254, compared to . 089 for the black loam. Again, the source
zenith angle is 53° and the wavelength is 6430%.

A quite different pattern is shown by the hemispheric map of direc~
tional reflectance of weathered blacktop of Fig., 40. The measurements were
made at wavelength 6430‘2 for a source zenith angle of 530. As pointed out
pPreviously, this sample exhibits rather strong forward reflection, which is
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the directional reflectance of
clipped green grass (6, = 53. 1°,
A = 6430A)

Fig. 38 Hemispheric map of 180°
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seen to decrease rapidly with increasing azimuth. There is a very broad
o : . Oc <150° n%< o < an® :
minimum in the region 60 ¢©=120, 0 @ < 90 . The albedo for this

surface is . 085, about the same as that for the black loam sample.
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B. Polarization

The measurements of the degree of polarization show several
general characteristics. Perhaps the most obvious and universal one is the
qualitative relationship between the degree of polarization and the reflectance.
Stated briefly, it is found that surfaces exhibiting low reflectance are highly
polarizing, and surfaces having high reflectance yield relatively small
polarization. Since the reflectance of a surface generally increases with
wavelength, it may be expected that a greater degree of polarization occurs
for the shorter wavelengths. This is indeed found to be the case, although
the decrease in polarization with increasing wavelength is not always mono-
tonic.

Another feature which will be seen in the following curves is the
existence of a region of negative polarization surrounding the anti-source
direction. For sufficiently large values of 90, only one neutral point appears
as seen from the measurements made at 6, = 78. 50. Measurements at the
shorter wavelengths generally exhibit a greater magnitude of negative
polarization than those for the longer wavelengths. The position of the

maximum degree of polarization in the principal plane varies from 90° to

135° from the direction of the anti-source. The angle depends on the sample,
wavelength, and source zenith angle, and no consistent pattern is apparent.

In addition to the laboratory data, which comprise most of the measure-
ments, some data were taken in the presence of sunlight, and this distinction

will be pointed out in the following figures.
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1. Variation of the Degree of Polarization with Wavelength

Fig. 4] shows the degree of polarization for black loam soil as a
function of nadir angle in the principal plane for the source at the zenith, and
for several wavelengths. The degree of polarization increases as 6 increases,
approaching 0.20 for A = 49202 at 6 = 80°. Over most of the range of nadir
angles, the degree of polarization increases monotonically as the wavelength
decreases. Inthe region surrounding the nadir direction, the analogous
relationship exists with negative polarization, the shorter wavelengths being
more highly negatively polarized.

Fig. 42 shows the polarization measurements for the same sample
at the same wavelengths, but for a source zenith angle of 53, Although the
relationship of increasing polarization with decreasing wavelength is retained,
there is little difference in the polarization profile between the measurements
made at 64308 and those made at 7960%, the difference being everywhere 0.0l
or less. The position of the maximum degree of polarization relative to the

o
anti-source direction is rather insensitive to wavelength for A= 49203, 64304,

and 79602, the angular differences being 113°, 117°, and 116° respectively. The
measurements for A = 102503 show a steady increase in the degree of polariza-
tion with increasing 6 . The measurements at 8, = 53° show an increase in
the maximum degree of polarization over the case 85 = 0 for all wavelengths.
The polarization measurements for the black loam sample for the
same wavelengths, but for a source zenith angle of 78. 5> are shown in Fig. 43.
There is a slight increase in the maximum degree of polarization at wave-

lengths 4920R and 64302 over the case 6, = 530. The maximum value remains
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o
the same for A = 10250A, and the degree of polarization is considerably lower

at A= 79604 for & = 78.5°.

The curves for A = 7960X and 102504 are very
similar, and the degree of polarization for A= 10250% is greater than that for
A= 7960% over a considerable range of nadir angles. For this source angle,
the measurements at A = 102504 show a maximum degree of polarization, which
occurs about 128° from the direction of the anti-source. The maxima for the
other wavelengths are again in approximately the same position, the angular
measure from the anti-source being 1m° for X = 4920%, 115 for A= 6430%,
and 115O for A = 7960%. A's pointed out previously, only one neutral point
appears for each wavelength at this source zenith angle. As in the preceding
figures, there seems to be no consistent pattern for the position of the
neutral points.

In discussing the sample of clipped green grass, it was observed that
the directional reflectance measurements for wavelengths of 49202 and 6430%
showed small values of reflectance when compared with the corresponding
measurements made at A = 7960?‘\ and 10250?‘%. The following set of curves,
showing the degree of polarization of the green grass sample, show a rel-
atively high degree of polarization for the measurements at A = 4920?\ and
6430% when compared with the measurements at the longer wavelengths.

Fig. 44 shows the data for the source at the zenith. Over most of the
range of nadir angles, the degree of polarization increases as the wavelength
decreases. The degree of polarization for A= 79605& and 102502 is everywhere
less than two pefcent in absolute value.

In Fig. 45, the degree of polarization is shown for the grass sample
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for the same four wavelengths, but for a source zenith angle of 53°. In
addition, a sunlight measurement is shown for A = 36502 and a sun zenith
angle of 39°. In the region of negative polarization surrounding the anti-
source (sun) direction, the measurement at A = 36502 exhibits a considerable
degree of asymmetry with respect to the anti-source (sun) direction when
compared to the laboratory measurements. The maximum degree of polariza-
tion for the 36502; wavelength is considerably lower than what one would
expect intuitively on the basis of this figure and the preceding one, if the
premise of ''short wavelength corresponds to high polarization' is reasonably

accurate. The sun zenith angle of 39° is between the source zenith angles of

0°and 535 and for both of these situations, the maximum degree of polarization
for the measurements at A= 49202 far exceeds that of A = 36502, 90 = 390
In fact, the polarization curve for A= 36502, 6, = 39ois similar to that for
A= 6430;, 90 = 53 ver a considerable range of nadir angles. One possible
explanation for this apparent anomaly is that the grass samples used in the
outdoor and indoor measurements were different, and the degree of polariza-
tion may depend strongly on such factors as blade density, differential growth
pattern, preferred blade orientation, and average length.

Fig. 46 shows the degree of polarization of the green grass sample as
a function of nadir angle in the principal plane for a source zenith angle of
78.5°% The maximum degree of polarization is seen to be considerably greater,
at least for the measurements at A = 4920‘2 and 64302. when compared to the

o
measurements at §;, = 53 . The curves show a marked degree of irregularity,

probably due to a combination of surface texture and large source zenith angle.
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It is to be noted that the degree of polarization in the infra-red region is less
than three percent for all source zenith angles, while considerable polariza-
tion is present at the shorter wavelengths. This should be compared with the
curves of directional reflectance for the green grass sample, in which the
inverse relationship is seen to exist.

The following curves show the degree of polarization of desert sand,

a sample which has a much higher reflectance at the shorter wavelengths than
did the preceding samples. A corresponding decrease in the maximum degree
of polarization will be observed. Fig. 47 shows the degree of polarization of
desert sand in the principal plane as a function of nadir angle for several
wavelengths with the source at the zenith. There is generally an increase in
the degree of polarization with decreasing wavelength, although the increase

is not monotonic, since the measurements at A = 10250?\ are greater than those
for A= 79602;. In fact, over a limited region of nadir angles, the measurements
at X = 102503 exceed those of all other wavelengths. The degree of polariza-
tion for A= 4920?\ is less than .09 at 6 = 800. This compares with . 20 for
black loam and . 26 for green grass for the same source zenith angle.

Fig. 48 shows data for the same sample, but for a source zenith angle
of 5. In addition, a sunlight measurement at A = 36502«. for a sun zenith
angle of 40° is included. This ultra-violet measurement is interesting because
of the absence of a neutral point, an occurrence not found in the laboratory
measurements. Apparently, the reason for the absence of a neutral point at

0 »
A = 3650A is the addition of positive polarization due to the sky-light.
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Fig. 49 shows the laboratory measurements of the same sample for
6, = 78. 50, and a sunlight measurement at A = 36508 for a sun zenith angle of
540. Again, there is no neutral point present for the measurement at A= 36502.
The degree of polarization is greater for the 102503 data than for A = 7960?\
over most of the range of nadir angles.

2. Additional Sunlight Measurements

An additional sunlight measurement of the degree of polarization
of desert sand is given in Fig. 50. The 36502 measurements and the labora-
tory measurement at 49202 have been shown previously in the discussion of
the desert sand measurements, and are included here for comparison. The
fourth curve represents the degree of polarization for a sunlight measurement
at wavelength 49202 for a sun zenith angle €, = 57°. Since the laboratory
measurement for A = 49202 is for 6= 530, a comparison can be made between
the indoor measurement and sunlight measurement at approximately the same
source zenith angle. The curves are similar, the laboratory measurement
exhibiting a greater degree of polarization. It is interesting to note that
neutral points occur for the 49202 sunlight measurement.

Fig. 51 shows the degree of polarization of red clay and green
grass in the presence of sunlight. The sun zenith angle for the clay sample
is 350, and 90= 39o for the green grass sample. The measurements are for
wavelength 36502 for both samples. The curve for green grass was shown in
Fig. 45 and is repeated here for comparison. It is seen that the polarization

data for red clay exhibit no neutral points, while the measurement for green

grass shows rather strong negative polarization. Since these measurements
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were made on different days, there may be some effect due to changes in the
"clear'' atmosphere. Other contributing causes for this difference may be
due to different sky-light effects for different surface textures, and a critical
dependence on the sun zenith angle.

Fig. 52 shows the degree of polarization as a function of nadir angle
in the principal plane for desert sand and red clay. The sun zenith angle for
the red clay measurement is 340; for the measurements of desert soil,

90 = 37°, For both samples, A= 49202. The polarization profiles are very
similar, the desert soil exhibiting a greater degree of polarization. Neutral
points exist for both samples.

The degree of polarization of radiation reflected from green grass is
compared with that from black loam in Fig. 53. The sun zenith angle for the
black loam measurement is 22°; for the green grass measurement, 6, = 37.
For both samples, A= 4920?\. The maximum degree of polarization for the
black loam is double that for green grass, although the difference in sun zenith
angle prevents a direct comparison. Neutral points exist for both sets of
measurements.

3. Comparison of the Degree of Polarization from Various Materials
The following figures show a comparison of the degree of polariza-
tion for various surfaces for measurements made at the same wavelength.
Fig. 54 shows measurements of the degree of polarization in the principal
plane at wavelength 4920?\ for six different samples. They are, in order of

increasing maximum polarization, gypsum sand, beach sand, desert sand,

pulverized limonite, black loam, and green grass. The source zenith angle
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is 90 = Oo. It should be noted that these are the same materials for which data
were presented in Fig. 29. In that figure, the reflectance of the various
materials, measured at A = 6430.2;, was seen to increase in exactly the same
order as the maximum degree of polarization decreases; i.e., from green
grass through gypsum sand. The indication is that translucent materials are
generally less polarizing than absorbent materials.

Fig. 55 shows results for essentially the same samples, with the
exception that Yolo loam is included and limonite deleted. The measurements
are for wavelength 49203;, and a source zenith angle 60= 530. The maximum
degree of polarization is seen to be higher here than in the previous Figure
for each sample, excluding limonite, and the black loam now exhibits a
greater degree of polarization than does the green grass sample. A further
increase in the degree of polarization is seen in Fig. 56, which shows the
polarization data for these materials for § = 78. 5° and wavelength 49202&.

4, Effect of Particle Size

The following set of curves show the polarization results for
pulverized limonite. This sample was described in the discussion of reflect-
ance properties, and the use of the words ''fine' and '"coarse', introduced
previously, are retained. Fig. 57 shows the degree of polarization of limonite
in the principal plane as a function of nadir angle, for wavelengths 49202& and
64302, with the source at the zenith. For both wavelengths, the '"coarse"
sample exhibits a greater degree of polarization. The corresponding measure-
ments for a source zenith angle of 53 are given by Fig. 58. In addition,

o
measurements for wavelength 7960A are included. The difference in the
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degree of polarization between the 'fine' and "coarse'" samples for a given
wavelength is more pronounced when compared to the case of normal incident
light. The maximum degree of polarization is seen to increase for each
sample and wavelength when compared to the case 60 = 0°. Measurements
for a source zenith angle of 78. 5° are shown in Fig. 59. The difference in
the degree of polarization between the "fine'" and ""coarse' samples is about
the same as that for the case 90 = 5%, In fact, the maximum degree of
polarization for a given sample and wavelength is approximately the same as
for 90 =53° Inall cases, it is observed that the '"coarse' sample is more
highly polarizing than the 'fine' sample.

5. Comparison of the Degree of Polarization from Different
Limonite Samples

Fig. 60 shows the effect of chemical composition or particle
characteristics, or both, on the degree of polarization. The measurements

o o 0
are made at 4920A, 6430A, and 7960A for a source zenith angle of 5. The

samples being compared are described in section 7 of the discussion of
Reflectance. It was noted there that for each of the three wavelengths, the
yellow limonite gave rise to a greater reflectance. The present figure shows
a reciprocal relation to exist for the degree of polarization; namely, that for
each of the three wavelengths, the sample of red limonite is more highly
polarizing.

6. Azimuth Dependence of the Degree of Polarization

The variation of the degree of polarization over the hemisphere
is shown by the following polar maps. A description of the coordinate system

was given in section 8 of the discussion of Reflectance.

89



DEGREE OF POLARIZATION (%)

40—

¢
3
=
2
. |
301 £ '\\
/A\COARSE \
A 49204 \
/
j \
/ \
20— / FINE \
,( / 4920A
/ o d-.o"‘ﬂ \‘\
[ & |
/ /z'é {\’-ﬁ\,\ ti\\ \
g & SR
f( 4 COARSE—"" h
o “4 ¢ . N, Q@ ~
/A/' 6430A NN \
\ \
¢ AN
oo m\\ A
GQ'GT ‘?&\&\@. \ \(!X§
e o)
ol— 64304 N
R0
I R R R B R -
80’ 60 40 20 o 20 a0 60 80
¢=o° ¢ =180

NADIR ANGLE (°)

Fig. 59 Degree of polarization of radiation reflected from coarse
and fine limonite gprmmpal plane, A= 4920A and
6430A 8o = 78.5

90




DEGREE OF POLARIZATION (%)

20—

w
O
~ar=A RED -3
/f' ‘z\‘/ 49204 9
£ * E
AN 2
ELLO p
YELL
49204 A\
10

(@)

oLl | | | 1 | | 1
80 60 40 20 0] 20 40 60

$=0° $=180°
NADIR ANGLE (°)

Fig. 60 Degree of polarization of radiation reflected from
samples of red 11mnn1te and yell low limenite (5‘ incipal
plane, A= 4920A 6430A and 7960A ; 6,5 = 53")

91

80



Fig. 61 shows a hemispheric map of the degree of polarization for the
black loam sample; the source zenith angle is 530, and the wavelength is
64304, The various contours are lines of constant degree of polarization,
shown at 2 1/2% increments. There is a broad maximum in the region near
8= 60° and extending in azimuth from ¢ = 0° to Q= 60°.

Fig. 62 shows a decrease in the degree of polarization over the whole
hemisphere when compared to the previous figure. Fig. 62 shows the degree
of polarization of desert sand for a source zenith angle of 53 and wavelength
of 64303, The maximum degree of polarization is seen to be about one half
that of the maximum for black loam. It will be recalled that the total reflect-
ances for these surfaces at 6430?\ and § = 53 are . 089 for black loam and
. 360 for desert sand. Thus figures 61 and 62, showing the degree of polariza-
tion over the whole hemisphere, provide a good example of the correspondence
of high reflectance to low polarization, and low reflectance to high polarization.

Fig. 63 shows the degree of polarization of clipped green grass for a
source zenith angle of 53 and wavelength of 64304. The principal difference
in this polarization pattern from those of the preceding two figures is the
existence of a region of low polarization at ¢= 0’and large nadir angles of
observation. The pattern is relatively symmetrical about the 9OOazimuth,
the direction of the maximum degree of polarization.

Fig. 64 shows the degree of polarization for the sample of crushed
limestone. The source zenith angle is 53oand wavelength 64302. This sample
is characterized by a relatively small degree of polarization, P being every-

where less than 0. 06.
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Fig. 63 Hemispheric map of
the degree of polarization of
radiation reflected from
clipped green grass (6, = 53.1
A = 6430R)
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The weathered blacktop sample provides a much greater degree of
polarization than any of the preceding samples, as can be seen from Fig. 65.
Again, the source zenith angle is 5P and the wavelength is 64308. A maximum

of 0. 75 occurs in the region surrounding ¢= 0°, 6= 60°,
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Fig. 65 Hemispheric map of 180°
the degree of polarization of

radiation reflected from weathered

blacktop (6, = 53.1°, X = 6430A)
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IV. Computations of Radiation Emerging from Top of Atmosphere
A. Theoretical Derivations
We shall for the most part be concerned with a plane parallel Rayleigh
atmosphere, and utilize the solution obtained by Chandrasekhar (1950) for this
problem. His solution with the assumption that there is a perfectly absorbing
ground at the lower boundary of the atmosphere is referred to as the ''standard
case'' solution. The radiation emerging from the top of the atmosphere under

-t

the above constraint will be denoted by Is (0; 4, ©). The variables appearing

-

in] are:
s

T (A), the normal optical thickness of the atmosphere.

T = 0 at the top of the atmosphere,
4 = cos B, where Bis the viewing angle of the observer relative to the nadir.
¥ = azimuth of the vertical plane passing through the position of the observer.

The vector notation emphasizes the fact that the Stokes parameter represent-

ation for a beam of light is being used. The explicit form of fs (0; U4,) is

(Il\)s (O;u, @)
(Ir)s (Op, @)

(Us  (0:n,0)

- —

In general, these components have the following significance: The total
intensity, 1, in a beam of light is given by the sum of any two orthogonal
components. It is convenient, for theoretical considerations, to chose Il’
the component parallel to the vertical plane through the azimuth of the
observer, and Ir' the component perpendicular to the vertical plane. The U

component, which indicates the orientation of the plane of polarization, is
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defined by:
U= (11 - Ir) tan 2X, where X is the éngular measure between the plane of
polarization and the vertical plane. The fourth Stokes parameter, V,
characterizing the degree of ellipticity of the polarization, is assumed to be
zero in this report, and polarization is considered to be only linear polarization.
To summarize the above definitions, Qe list the following relationships:
I=1+ Ir (1)
U =(1, - 1_)tan 2X (2)
It is sometimes useful to use é.n alternate parameter, Q, defined by:

Q=11-Ir . (3)

In terms of the above parameters, the degree of linear polarization, P, is

given by:
1/2

2 2
P=(Q+U’) (4)
I
In Chandrasekhar's solution to the problem of diffuse reflection and
transmission, use is made of a scattering matrixi(Tl N TIN - H I»‘O,QDO). and a

transmission matrix T (T ; K, ¢; [TH (po), such that the reflected and the

transmitted intensities are given by

-

I,(0; + B, @) = 4% S waein,0) E (5)
and I (T; - 4o) = 4—;-‘- T(Ty5 By 5 uo,tpo) E (6)

The sign preceding p is to distinguish the upward radiation field from the

downward. (+ ':'T)

Ko = cos 8, 8 = the zenith angle of the sun.
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¥, ~ the azimuth of the sun. It is convenient to let ¥, = 0.

For convenience, it is customary to assume that parallel radiation of flux
"%per unit area normal to the beam is incident on the top of the atmosphere.
For simplicity, F0 is taken to be unity. Using the Stokes parameter

-
representation F, assumes the form

1/2
1/2 .

0

The presence of a ground with known reflecting properties will augment

the standard case solution by an increase in the emergent intensity due to the

- %
presence of ground reflected light. More specifically, if I (O;u, ) represents

the emergent intensity in the presence of a ground, then

2n

=T
- - - l/# ' 1 |
JIMim@h ) (o) dudeo  (7)
o

1

I*(O;u.tp)ﬂs(o;u,cp)+1g(71;u,¢p)e + 4#‘— [

o
Here -I; (71 i, ©) denotes the surface reflected radiation at the ground in the
direction given by (K, ®). The second term on the right hand side of equation
(7) represents the direct transmission through the atmosphere of the surface
reflected radiation. The third term represents the contribution to the
emergent intensity arising from the diffuse transmission of the surface
reflected light, Since -;s (O;4, @) has been tabulated for various values of
T,(A) by Coulson, Dave, and Sekera(1960),the problem is reduced essentially
to determining_‘lg (‘Tl; K,¢). The integration appearing in the third term is
awkward, but straightforward. We concern ourselves then, with a determina-

e

tion of Ig (1: Bsp).
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-—
The surface reflected intensity, Ig (Tl;u ,®) must be related to the normal
- . F, (inc)
incident flux per unit area of surface. If F (inc) =11
F (inc)
T

F (inc)
U
L -

represents this incident flux, then ideally one would wish to determine a

global reflection matrix R (71; K, ©; U4,e) such that:

Ig(Tl’“'w) = h]_i (Tl;y,o,(po; “"p) F(lnC) . (8)

The word global is used to signify that the components of R, say Ty50 i, j=1,2,3,
are functions of K, H, and ¢ such that if any desired values of these direction
parameters are inserted in the expressions for Ty the appropriate values
for-I.g(Tl;H, @) are obtained. In opposition to this reflection matrix formulation,
our measurements procedure could be termed a local one. More specifically,
for a fixed u, M, and @, one determines a directional reflectanceP, degree of
polarization, P, and the angle X, the orientation of the plane of polarization
with respect to the vertical. The significance of P is that it is the scalar

ratio of the intensity reflected into the K, ¢ direction to the total flux incident
on the surface. For a given surface, wavelength, and sun zenith angle, P

may depend not only on the direction parameters K and ¢, but on the state of
polarization of the incident flux as well. However, for brevity, we shall
writee(p ,©), and mean that the value ofP so written is to have relevance for
the incident flux at which the measurement was made. We have in mind here
a distinction between measurements made in sunlight as opposed to laboratory

measurements. More will be said about this later when discussing the ap-
proximation scheme that was used in connection with incorporating the
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laboratory measurements into the computations. We assume, for the present
discussion, that() , P, and X are determined in the presence of an atmosphere
so that sky-light effects are included in the incident flux.

- .
Before proceeding, we show how Ig(Tl ;4 ©) may be determined from

— —

P (“n ‘p): P (#. (P). and X(FJP)- Let Ig (Tl;“»(p) = Ilg (Ti ' (P)

h.
Irg(l,u,cp)

Ug (M u,0) ;

further, let Ig(Tl;p, Q) = Ilg(Tl;[J,tp) + Irgﬁ;#.(p). Qg(Tl;#.(D) = I1g (T1ip, @) -

Irg(Tl;u,(p), and F(inc) = Fl(inc)+ Fl(.inc).
Then: Ig( 1’ K, (p) 'P(“s (P) F(InC) (9)
2
and P (W, ) = { 4# () +U£#.<p$ (10)
1 (K, 0)

(We have dropped the 7| dependence in (10) )

Since Ug(u. ) = Qg(u,qo) tan 2 X (H, ¢),

h
{Qj¢,¢)+ ujw)} = Qglud) sec 2x4d) = {115 (1) - I.-g(,u,c?)} sec 2X(14,q),

20 Pl IgGud) = {Tigud) - T4 (4,9} sec 2X (16
°T  Plu,q4) Ig4 (4, d) cos 2X (u,q) = Ig (/4,4') - 2 Trg (Ms9).
Solving for I_ (it ¢, and substitating I{y, ¢ =0(H, o) FUC
rg \pMs Yy g\'-o r LA o H
we have (ine)
T =kppn P {1- Pludesoxpma)
{Cne)
Tig (ua) = 3 'ol/l,a!)F {1 + P (u,4) cos 2X (/-l;ff)} (12)
(13)

Ug (o) = {Iw(}l,c?) -Tvg (/‘:‘P)} tan 2X (9)
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The problem is now reduced to that of determining F(inc). We shall

actually find expressions for F(mc)

F(mc)is composed of three parts:

(1) the directly transmitted solar flux. The expression for this term is

— -'C./ -‘L’:,u 1/2
P78 Ol S A = 1;2 (14)

(2) the flux due to the diffusely transmitted intensity, I (71; - p,¢). The

expression for this term is

! 127
211‘4 -
JI I ('C:;"/b(,cf)/b( JA( d(f = -4'-’ £l Fl I (\Cli M,‘y; Mo,“?o)dl(dif (15)
o 0
(3) the flux due to the scattering by the atmosphere of the surface reflected
I 2m
— (ref)

light. The expression for this term is jj IG (- pa,p) ph et A (16)
where Ig(ref) (=H, @) is the intensity in the (-y, ¢) direction which has arisen
as a consequence of the scattering by the atmosphere of ground reflected

~ (ref)
light. The expression for Ig (-H,¢) is given by

[ 271‘
ff 5(&/44’,«4)1 ()b ) dod dep (17
477/4
Substituting (17) mto (16), the third term may be written as
2w 1 2r
¢t 7 g v 7 / /
— /f ]} St ey s,0) Ly (u,p) du oo } o AP (18)
4 o o °o% T
Collecting the above, we have:
T F
{ime) ]
— (in€) F ‘ -0/ . ?
F = ’(an\ = Mo 1T 2 , +
3 E
{ine) °
R ]
1 2m ,
?
4 Zl Ii I (Cp; M, ,uo,d’o) -é OL‘{ dc’p -+
o
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{2m 1 2%

oo | Igea)
+ - IJ I S (C; s, M, ) 'lq(;u.d') dy dy dy dy
4 = (19)
©o0o 0 O U}(A;tf)

The first and second terms on the right hand side do not depend on the
characteristics of the surface, and their evaluation is immediate in terms of
the ¥ functions introduced by Chandrasekhar (1950) equations{226) and (227),
Chap. X. The ¥ functions have been tabulated by Sekera and collaborators

(1952, 53) for several values of L2 (A). In terms of them, we have:

120 .
't'/uo -‘E E _ T x‘(/'(.) '
are 4| * % f f L st st |y dade = e |y 00 20)
o o0 o o

In considering the third term, it is worthwhile to look at the matrix

S(7; u, (p;;'l, <‘p) in some detail. We use the notation of Chandrasekhar:
(3]

(o) '/2 , "1 '
Sluduid) = g[%s(ﬂ,u‘) + (=) (1-p2) S (mdyud)

) Y, (21)
- ) s S s ) |
1 0 O w
where Q =
= 01 0
0 0 2 ’
N

0 L] -
S( ()“, M) is given in terms of the so-called scattering functions: ‘)", cﬁ,X, g, g’)z,
o, and & . These functions can be expressed in terms of the X and Y

functions, which play an important role in the theory. The functions Xand Y
(0)

depend on 71 and g, The particular form for S (4, #} is given by:

1,1 S“"‘ )= [P YZ ) o [ ¥i) X o

M X (M) 2 Blu) ol | adli) 17 544)

o 0 o () °

TP

o ©

B(u) VIQM) o §u) O'I,u'z
— oM O of [fEaw) @em) o
o o [o] Po) Po) o

(22)
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We shall write:
— -
o, oy (0)
S (wp = Su (KK Sir (Hs#) 0
) ! (o)
Sr1 (K. p) Srr (Hs k) 0 (23)
0 0 0
(1) o 2 v -
ﬁ (K, o1, ) andvé\ey,cp; K,¢) are given by:
i , , , (i)
2ot (k) oy W, (i) (i) S
(M, M) § (/*,‘?,M,q’) X () X () = Y (0 Y (u) VE (s = cp)
i=1,2 (24)
where , ' ‘ ,
- dpp cos (g-) o 2HU sin(2-<p)
™ p (25)
P (IU:CPi-M;"PI) = '41 o © ©
2 ,u' sin(ep- ) o cos(e -#)
) u’,ﬂzcos 2(0-<p) —,ul cos 2 (-<p) -uz/xlsfn 2 (¢ -<p)
F}
o ,2 ’ 1 /., ’ (26)
Plup-pu,0) = 3 | ~sacos2(e-d) o5 2 (@-) M Sin 2 (p-cp)
Y3 ' , ‘ 7 ’
U Sin (P -p) M 3in 2 (- ep) - Mt OS2 (h-<p)

We shall write:

() [0 ; f
1/1 l/z o I Sn(/“:M’)Cosfcil-CP) o SIB{“I‘*)SMH-Q) (27)
(1-) (- )" S ey me) = . N o
€} , ' (] , /
53, (u,u) 3in(q-cP) o) Sis (u, 1) cos(cp-cp)
L —
) () (2) ( 7]
’ ! ’ / 2) . ’ (28)
S (s 1) cos alce-o) Sia (p,14)Co5 2(@-@) 5344, 14) 5im 2(p-<)

(2)

) !
- @
.§ .ty 11,0) SJTQM,/l)COS 2(¢-¢)

(2) ’ 1]
53, (1a,u) 5in 2(cb-of)

S,

) , ] (1) o [}
Sia (M u)cos 2(¢-d) S (uu)sin A(e-)

’ / ) , ’
5;:'(/,4,,“) sin 2(¢-¢) S;;(,u,u)cos 2(ct-p)
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For convenience, we collect the above terms and write:

[ ] 1
g(rl;u.qo;u.w) = 1 %2 93
21 %2 %3 (29)
s s s .
|31 %2 a3

where the explicit formulae for sij’ i, j=1,2,3 are:

' 2)
s = 3/4 S{l )(u. M) + S11 (u. u) cos (w-w) + S{l (u.u) cos 2 («p-cp)

512 =3/4 Si )(“l“) + qz (“’”’) cos 2 ( ¢' (P)

83 = S§3)(#.H) sin (<P o) + 8{3)(##) sin 2 (w ©)

=3/4 S( 1)(“0 “) + Sél )(“’ y) cos 2 (¢ (p)

5,,= 3/4 S( )(u.u) + 5(22) (4, ) cos 2 (<P ©)

8,37 5(23)(u. i) sin 2 (<p ®)

531 2 Sél)(n, H) sin (w ®) +2 5(31) (B, 1) sin 2 (<p ®)

=2 S‘z)(u. W) sin 2 (@- @)

33“ 2 S( ) (p IJ) cos ((p Q) +2 S(z)(u,u) cos 2 (<p o©)

"I'sxg 1ntegra1 in equation (19) may then be written:
' an

4"1% ff fifsu ,g‘/wr) + SuIrgfft,c?) +5,, Ug (1, c’)} dy dc, dy dep
Lo tem (30)

4‘;?” J | {5 Tghed) + Sia Tugluidh + 503 Ug o) | del dep d oot "
‘.fm

i ” }f]( 120 Lgld) + 55, Teglud) + S35 Ug (i} A A dAf (32)
" These terms represent contributions to Fi "y F(mc,) and Féinc),

respectively. It appears that these expressions may be considerably simplified

by performing the integration over ¢ first, The components Ilg , Irg’ and U

107



have no ¢ dependence, and the sij functions have a simple cos, sin relation-
ship. Only the components sij’ i, j = 1,2 will have a non-zero contribution.
In particular, the contributicn to F(ln%)s zero.

U

Performing the integrations over ¢, we have:

] It (0) ‘- ' s(o) NI L > /0&( (36)
3 [L [8 S“-(/",/-‘-) lgé(/u.,(?) -+ 2!‘(/“"“) rg(/u,cp)} 0&( Sp
pan i ‘ /
(¢ ’ ) (o) , o p |
% Uo j, { Sra el Iﬂé (@) + 5,.,. (/“,#)Irg(/",‘?)} Al Ao M (31)
Combining this result with equation (20), we have:
(tne) lar | o
e ° (o) , ;. /
b Ji:‘ B /j ”5 (pbt) Lyglpist) + S, ) Irg 9“,<P))l““/"¢’”l‘/ (33)
o 0

—

Y

'e () ’ 'y ° / ¢, 7,/
= T& frlpe) + % j {, [ { Org (M) I:g (e,0) + Sr(r)’/‘,#)lrd(/“s")}"(‘( depl  (34)

[}

= 0 (35)
(inc) (inc)
Returning to equations (11) and (12), and remembering that F = Ei
(inc) ¢ : shed
tE, we then have an integral equation for Ilg and Irg . If one wished,

the triple integral in equations (33) and (34) could be reduced to a double

integral by defining :
1

(w) = 3/8 js (u.)du, sr(u)=3/sf

(0)
0 1

s i) d
s11 S r (B p) d p

1 1 ]
' (0) ! (0)
s, (W = 3/8 J; S, (WsH)dp, ands__(4)=3/8 J“O Spp (Ho) d i
Equations (11), (12), (33), and (34) represent the solution for the inclusion of

a ''real' ground.
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B. Approximations Used

At this juncture we take cognizance of the fact that the measurements
ofP, P, and X were performed in the laboratory. Because of the preceding
remarks that these measurements may depend on the sky light effects, etc.
it was decided to apply the measurements to the directly incident flux,
"“oFo 3-71/“0. One could then use the distinction between direct and diffuse
transmission, and the following streams of radiation emerge as a natural
consequence:
(1) IDD = that contribution to the emergent radiation which consists of light
which was transmitted directly downward through the atmosphere, reflected,
and transmitted directly outward through the atmosphere.
(2) Ind = that contribution to the emergent radiation which consists of light
which was transmitted directly downward through the atmosphere, reflected,
and transmitted diffusely outward through the atmosphere.
(3) Lip = that contribution to the emergent radiation which consists of light

which was transmitted diffusely downward through the atmosphere, reflected,
and transmitted directly outward through the atmosphere.
(4) Ijq = that contribution to the emergent radiation which consists of light
which was transmitted diffusely downward through the atmosphere, reflected,
and transmitted diffusely outward through the atmosphere.

Clearly the laboratory measurements could be applied to the first and
second components, since they originate from directly incident flux. The

question arises as to what approximations to make for the computations of
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components (3) and (4). It was decided that for these components, the
ground would be considered a Lambert Surface reflecting with an albedo i,

1 27
given by f IOP (K, @) #d pd @ . This is probably not a bad assumption.

0
These two components tend to be rather small, and the hemispheric integra-
tion tends to smooth out the directional dependence. The diffusely incident
flux then, needed for components (3) and (4), is the total incident flux in the
presence of a Lambert surface less the directly incident flux. This total
incident flux can be derived from equations (33) and (34). The flux expression
is given by Chandrasekhar, equation (231), Chap. X). In (33) and (34), let

1 1
I1g (4,00 = Irg (u.0) =1/2 Ig , and independent of direction. Integrating over

(|p, we have:
i
((nc) (o) (o) ’ /
- - o X ° + 3"1 jj /
' 11{?.:"4#) ) g‘,o{sn(/‘"'“) +Sgr(/“'/“)}MA (36)
(éne) i
N (@ . ) ,
Foos The bl ¥ %}‘JJ fsm () + 5:,‘(/*/#’}"“‘44 (37)
o °
define |
(o) , (o) /
im0 = 34 s 5}
' ° ¢ . ’ / 3
i+ 3LFSE ¢ 5 i o
Then ’ :
(me)
Foo= T—Té“ ¥, (pa) + ”18[5,04)0&( (40)
[+
(tme) !
Fvw = lrz& Ylm) + MIg [ 5, () du (41)
Finally, letting ,

g = stll,u) 4'5'_(,4,«)} oy

©
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S Y -0f

e “ - co
(Too), (erma = § plaed e e {1 Pluen) cos 3] -

{(1 DD)Q - (100)\(} tan 2X (48)

In the actual calculations, the angle X was not measured with great accuracy.

(Too),, (0; s

Gross measurements seemed to indicate that the plane of polarization was
roughly oriented perpendicular to the scattering plane. This was adopted as
a convention, thus enabling one to compute X from the geometry.

—

(2) 1p4(0ip,0)

This component was computed as in equation (7).

nd 1 2" t | B [} ] ]
e I {0pe) = _1 [ [ T(wwep, o) Lke)dudo
4TH o o

1 1 1 ' LI |
The components Ilg (4, @), Irg (K, ) and Ug (4,0} were computed from (11),
(12), and (13). The integration was performed using a Gaussian quadrature

1
with 6 values of l.'t and 16 values of ¢.
(3) I;40:m)

In the third and fourth components, only the scalar value of intensity

was computed. The amount of polarization, characterized by the difference

in the ¥ functions is very small and was negiected. The reievant incident

flux is given by equation (45). The reflected intensity per unit solid angle is

given by R times this quantity. This reflected intensity is further attenuated
ﬂ -
an amount e

T/

in its direct outward traverse. The final expression is:

...r,/
z{lgu,) + ¥ (1) ét'/ ) H (49)

2(1-R3)

—IdD {o,'/*) R,uo
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we have,

ne (me) (o) -
F“ ' F +wa = W[’L?”“‘) + ‘*_.__._°§f(/“") + 165} (42)

This is equation (231) of Chandrasekhar. The function & (1) has been tabulated

by Sekera et al.(1952,53). An expression for I4 can now be derived for the

t
Lambert surface by an appeal to the definition of the albedo; R = F(ou :
Flinc)
1) 1 I
)
oo
Therefore Ty = R TT[&;-" {X‘(,a.) + 3’,.(/'4,)} +3 Ig] ’

and Ig = %{ X, (,u.) + X,. (}lo)} (43)

Substituting (43) into (42), we have

(inc) -Tr/uo {Y( x
F = /uo) + (,uo) (44)

a(i-Rs) L ” ]
The scalar diffusely incident flux is then

-0
_THe { Yf(,uo) + Xr{/uo)} - M. € °
2(1-R3)
= Wﬂo[y‘ry,, + ¥plu) _ z;'/uo:l (45)
al(l- Rs)

We can now list explicitly the expressions used for each of these

various components.

1 0; 4,
M I (0 B,0)
The expressions needed have essentially been obtained in equations

- -5/
(11), (12), (13). We need only regard F(1nc) to be T e Ko,

Since the
. A -T <.
reflected intensity is attenuated an amount e 1/ in its outward traverse,

we have
_f‘IMO -y

(Ino)z (oip0) = 3 PlpOTHE e L P cos 2x | (46)
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(4) Idd (O;u)

For this component, the reflected intensity per unit solid angle is also:

5 Y, () +_x,(,4.) EALTS
° | 720~ R3) (50)

Let us denote the quantity given by (50) as I

gd’ We need the diffuse trans-
mission of this quantity through the outward hemisphere. Although we are
considering only the scalar intensity, it is convenient to employ the matrix

notation, since the final expression may be written in terms of the ')’1, Y

functions which are tabulated. We have

] | &
- . I d
O (1, om0 = g |
o
Then -
P {0} , /
(L), tosp0) = e 2 J ¢ sh) + T gD ol (52)
/4 °
o (o) , I 53
(Taa), (o5 0) = —% -.?] ”(u,,u) + 7, l/&#’f‘l“ (53)
The integrals in (52) and (53) are denoted by Chandrasekhar as follows:
3 )+ T i b e (54)
Liw = 3 {{ T L) + T, (#,MJ} e
'
4y -2 35T, .0 4 -r {uu){d‘( (55)
ﬁr(ﬂ[ B } l 'r’ LY o/ Yoadld iy rar s

-]
The advantage, as far as we are concerned, is the relationship of the t

functions to the tabulated ¥ functions. The relationship is given by equation

(219), Chandrasekhar, Chap. X, as follows:

—rl/ —tl/A(
b= Al 4 e , W) = Ll s e (56)
o
._tl/
Ty - 2 (57)
% i‘(/»() /,(i (/4)._ } ’ xr(/*) A{ r
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Substitution in (52) and (53), employing (54) and (55) yields:

- Ty

(Idd)l (o;m) = ?—g-d g‘/‘(/u) - € M} (58)
1 e

(Idd)r(ojﬂ) - —g_"‘! {xr{/")— e } (59)

The scalar intensity Idd (0;H) is then given by:

-
Led { Y () + Yelu) - R € “} (60)
8

Using (50), the final expression becomes:

_tl/
= RMe| Falpo) + 8rlptd) 'er'/‘“ Y0+ b -2e | (6D
Idd (o, u) = 22 2(/ - R3) 2 r

This concludes a derivation of the expressions used for the various components.
The result is seen to be a mixture of experimentally measured values and
pre-tabulated functions.
C. Calculations of Emergent Radiation for Selected Surfaces

1. Intensity

The following discussion will have two segments. The first section
will deal with the intensity calculations for a Rayleigh atmosphere including
the effects of surface reflection for a red clay surface and a white quartz
sand surface. These results have been discussed previously in General
Electric Technical Information Series R64SD74(1964) . However, for the
convenience of the reader, and for the sake of completeness, the discussion
is essentially repeated here. In the figures now presented, slight deviations
from the original figures appearing in the reference are apparent. They
reflect the inclusion of component Idd’ which was not programmed at the

time of the original draft, and the correction of a small error in the data
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handling process.

The second part will deal with intensity calculations with the surfaces
being desert soil and green grass. These calculations were made in con-
junction with the problem of contrast degradation by atmospheric transmission.
For this purpose, the effects of a model aerosol were crudely approximated.
Specific information about the model and the approximations made for its
inclusion will be given. A copy of the paper, discussing the results of the
contrast work, is included as an appendix.

a. Outward Radiation for Red Clay and White Quartz Sand

For purposes of these computations, an infinite plane surface of the
selected material has been assumed to underlie a plane parallel Rayleigh
model of the Earth's atmosphere.

(1) Results for Red Clay Surface

The relative intensities of the individual components, and of their
sum, for the case of a red clay surface are shown, as a function of nadir angle
in the principal plane, by the curves of Fig 66. The zenith angle of the
source here is 53°, and the wavelength is 4920 X, which corresponds to a
normal optical thickness of 71 = 0.15 for the Earth's atmosphere.

The well-known limb brightening which occurs for the I, component
dominates the picture at large nadir angles, but it rapidly decreases with

decreasing angle and becomes equal to the I component at 6 = 62° at both

DD
azimuths. At angles of 6 < 62°, Inp is greater than I, but never by a

factor of more than two for this case. For the components IDd and Idd’ the
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Fig. 66 Relative intensity of outward total radiation and of the
individual components, as a function of nadir angle in
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(6o = 537, A= 49204A)
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intensity values increase as Bincreases. This is to be expected since they

are diffusely transmitted outward through increasingly longer path lengths.
Conversely Iyp decreases as 6 increases, since the direct transmission is
attenuated more for larger values of 8. It is seen that throughout a wide
angular region surrounding the nadir direction, the sum of the four components
in which surface reflection is involved dominates the outward radiant intensity
in that region of the hemisphere.

A change of wavelength has a strong effect on both the total outward
radiant intensity and the relative contributions of the various components.
Fig. 67 shows the same surface, again for a sun zenith angle of 53°, but for
a wavelengthA = 6430 X. corresponding to a normal optical thickness of
T1= .05. The total intensity is everywhere increased by a factor of at least
2, corresponding to an increase of component IDD' which dominates the
region 6 < 80°.

(2) Results for a White Quartz Sand Surface

The relative intensities of the individual components and of their
sum for the case of a white quartz sand surface are shown, as a function of
nadir angle in the principal plane, for 90 =53° andA = 4920 X, by the
curves of Fig. 68 . The high reflectance of quartz sand at A = 4920 X makes
the reflected components considerably greater here than in the case of red
clay. For instance, the relative intensity of component IDD in the nadir
direction for white sand has a value of 0.187, while for clay it is only 0, 066.

While the regions at large nadir angles are still dominated by the limb-bright-

ened I, the surface-reflected components, and particularly IDD’ dominate
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the entire region of 6< 70°. The intensity pattern is more symmetrical around
'= 80° here than for clay, a feature which is the result of a very symmetric
reflection pattern for white sand.

Fig.69shows the relative intensities in the principal plane for white
quartz sand at A = 6430 A and 6 = 530 . The minor role played by
atmospheric scattering at this longer wavelength is evident in the generally
low values of all components except IDD at 6 <80 . The high reflectance
of quartz sand makes a high total intensity, which is contributed mostly by
the IDDcomponent.

The case for white quartz sand at 6, = Ooand A = 6430 Z is shown by
Fig. 70. Since the reflectance is independent of azimuth for g = 00 , the
pattern over the whole hemisphere can be visualized by a rotation of these
curves around the nadir. A pronounced brightness would exist in the vicinity
of the nadir, with a gradual decrease of intensity out to 6 = 600. Beyond
8 = 600 the strong decrease of reflectance evident in IDDmore than compensates
for the limb brightening of IS » the resultant showing a very prounounced
darkening at large nadir angles. The dominance of the component I _ is
obvious.

b. Outward Radiation for Desert Soil and Green Grass

In connection with calculations of contrast degradation by atmospheric
transmission, the intensity of the emergent radiation was computed assuming
the surface to be desert soil and green grass. More specifically, the

following cases were considered:
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(1) Desert sand, A = 4920 &, g = 78.5°, B, = .20

(2) Desert sand, A = 64303, 6 =53.1°, u_=.60
(o] (o]

(3) Green grass,) = 4050 A, 6 =53.1, K, =.60

For these computations, the effect of an atmospheric aerosol model
was approximated. The particular model chosen was one considered by
Fraser (1959) , and is referred to as a '"continental" model aerosol. It is

characterized by the following size distribution:

Interval of radius, a Number of particles Number of
(micron) per cm3 of air per micron particles per cm
of radius
Lower Upper
.03 0.1 2.251 x 104 1575. 7
0.1 20.0 2.251x a~4 753. 3
2329.0

The vertical density is assumed to decrease exponentially with a scale-height

H = .98km, as suggested by Penndorf (1954). Fraser has computed both the
wlume scattering coefficients, and the normalized matrix elements of the

phase matrix required by the transfer equation for wavelengths \ = 3650 ?\.

4600 oA, and 6250 3. We have interpolated these values in order to approximate
these functions for the wavelengths used in our measurements and computations.
In particular, we have the following values for the volume scattering co-
efficient, B(z, )) :

1.58 x 10'6 —

B(0, 4050 R)

-1

B(0, 4920 A) 1.32 x 10 %cm

"

-1

B (0, 6430 }) 1.03 x 10"%em
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" A
We can then calculate T, ()), the normal optical thickness of the aerosol

content.

A B o] A @© A _Z/ A

A =[ Bz, dz=[ B (o,ne Haz =B (0,1 H
0 0

Therefore:

A o

A (4050A) = .155

A o

Tl (4920A) = .129

A o)

Tl (6430A) = .101

In the computations, the following approximations were made:
(1) In computing the '"standard' case solution, the aerosol scattering was
assumed to be independent of Rayleigh scattering, so that the solution is just
the sum of the two independent solutions.
(2) Only primary scattering was considered in approximating the ''standard"
case solution for the aerosol content.
(3) In considering the components involving ground reflection, the presence
of the aerosols was assumed only to increase the optical depth.
Denoting the Rayleigh optical thickness by ‘rlR, the total normal optical thick-
ness is { = TlA + TlR. Therefore, component IDDwas computed accurately,
but some error was introduced into the other three components by assuming

the aerosol phase function to be the same as that of the molecules.

The values of T} (A) are:

A 'riA TIR T,
4050 R .155 .342 . 497
4920 R .129 .150 . 279
6430 .101 . 050 . 151
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For components I , I , and I which require tabulated functions for
Dd dD dd

their determination, the values of 1i that were used are .50, .25, and .15

R
respectively. The Rayleigh "standard' case solution for Ty, =.342 was
interpolated. We proceed to a discussion of the primary scattering solution

for the aerosol "standard" case.

The requisite transfer equation for primary scattering may be written:

~ - Ty A
pdl =1-1/4e Hp'F (61)
daT
where
I = 1 I, +1.
= 1 J
= (62)
Q L -1
A 2 A
P = L L1z ()
P A 63
L12(7) Ly ) (63
F = 1
(64)
0

A - o
The scattering matrix P describes the aerosol scattering of incident
light, and enables one to compute the intensity components Ii and Ij parallel

and perpendicular to the scattering plane, which is taken normal to the plane

A A
of polarization. The elements L_uand le are functions of ¥, the scattering

angle. The angle ¥ may be readily determined from the parameters Ky, B,
A A

and ¢. As mentioned previously, the values of I;I and lewere interpolated
from atabulation by Fraser. An important fact, pointed out by Deirmendjian

(1957) , is that the assumption of exponential density decrease of aerosol
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This means that in solving the transfer

content ensures that Lii(y) = 0.
oT

equation above, these elements can be brought out from under an integral

with respect to T. In fact, since _ -
A 2
Ao Cw Lo | ! Ly (3)
P F = R A = A (65)
~ L) o) ) L (¥)
- - — -
the transfer equation assumes the form:
I -/ 2
M o([Q] IN A (66)
- @ 4 15 (%)
or:
A 2 ~r/“o
M gfl - I -gzLWe 66a)
- ‘t‘/Mo
(66Db)

A
i -
u 4@ . @ - = L)€
dc 4
The solutions to these linear differential equations may be written,

remembering that the boundary conditions are such that there is no radiation

reflected from the '"ground', as:

A G AgL 4L
I= IL+IJ'\ 4_/'(1"(_ _”(X) M Mo {1 _ T, iﬁ( +/Ao} (67a)

Mt Mo

. . 40 Mo -
Q- L-1;= A L0 ke ]

The corresponding intensity components Ij and I . may be computed employing

AsSL 4 4L
- M ,Uo}
e } (67

a linear transformation corresponding to a rotation of the axes through an

0
angle 90 - X.

(1) Results for Desert Sand Surface

The relative intensities of the individual components, and of their
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sum, for the case of a desert sand surface are shown, as a fﬁnction of nadir
angle in the principal plane, by the curves of Fig 71. The zenith angle of the
source is 78.5°, and the wavelength is 49208. The rather large normal
optical thickness, in combination with a low sun angle, tend to minimize the
importance of the surface reflected light. Except in the direction of the
nadir, the ""standard'" case solutions dominate the scene. The difference
between Rayleigh scattering and aerosol scattering characteristics is clearly

seen by comparing the curves I(sAa)nd I(SRZ The strong asymmetry shown by

I(sAi)s, of course, a result of the strong forward scattering of aerosol particles.
Changes in wavelength and sun zenith angle combine to increase the
importance of surface reflected radiation. Fig.72 shows the relative intensities
of the various components for a wavelength \ = 64302, and a sun zenith angle

90 = 53. 10. The components IDDand Ijpaccount for most of the intensity of

o
emergent radiation for <60 on either side of the nadir.

(2) Results for a Green Grass Surface

Fig. 73 shows the relative intensities of the individual components,
and of their sum, as a function of nadir angle in the principal plane, for a
surface of clipped green grass. The calculations are for a sun zenith angle
of 53, 10 and a wavelength A = 40503. The short wavelength, with its cor-
responding large optical depth, combines with a low surface reflectivity,
(1.1 = .026) to produce a negligible contribution from the ground reflected
radiation to the emergent intensity. The component ISR}S seen to dominate

the picture over most of the range of nadir angles.
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2. Polarization

In the previous section, the relative intensities of the various
components, and of their sum were shown for the surfaces: red clay, white
quartz sand, desert sand, and green grass. Here we show the degree of
linear polarization of the total radiation emerging from the top of the
atmosphere for the same surfaces.

Since the calculations for red clay and quartz sand were made assuming a
a Rayleigh atmosphere, it is interesting to compare the results with the
corresponding results for a Lambert surface reflecting with the same albedo.

In fact the Lambert surface value is just PL.AM (O;u,0) =

Q.+ V21 { v (u) - 71(41)}

Ig +1/2 Ig{'y,(#) + 9 (u)}

(68)

where Qg and I are the "standard" case solutions. The quantity Igis given

by: RH Y. + 69
- { oK)+, (uo)} (69)

A summary of these parameters is given:

1 2

Sample K A Tl l; = fo J‘op (s, 0) pdude Ig
Red clay .60 49208 .15 .200 .109
Red clay .60 64308 .05 . 447 .263
Quartz Sand .60 49208 .15 . 519 .295
Quartz Sand .60 64308 .05 .606 . 359
Quartz Sand 1.00 64308 .05 .493 . 492
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a. Results for Red Clay Surface

Fig. 74 shows the degree of polarization of the emergent radiation in
the principal plane,as a function of nadir angle, for a red clay surface. The
wavelength is 49208, and the zenith angle of the sun is 53. 10 . The curve is
compared with the solution obtained assuming a Lambert surface reflecting
with an equivalent albedo. The generally higher values of the degree of
polarization for the sample, atmosphere combination reflect the polarization
characteristics of the sample, although the situation is by no means that
simple. In fact, the degree of polarization of the emergent radiation, Fi,l)

may be written:

P = 1P +1 P + 1 P + 1 P + 1 P
s s DD DD Dd Dd dD dD dd dd (70)
I + 1 + 1 + 1 + 1
s DD Dd dD dd
. . = P is, i
In our approximation scheme, PdD , Pdd 0, and the product IDd Dd is, in

general, quite small. Hence P(,l)is approximately:

1
pil. IsPs + IlppfpD (71)

I (Total)

However PDD = P (surface), and thus equation (71) shows the explicit
dependence of Plon the surface polarization. However, the intensity component
IDD also plays a significant role, and a comparison of P with the polarization
of the emergent radiation in the presence of a Lambert surface can only be

made by comparing (71) with (68). A very good approximation to (68) is:

PsIs (72)
I+ /215y (F) + nk)

O;u,
PLAM( K@)
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Fig. 74 A comparison of the degree of polarization of the

emergent radiation of a clay surface and a Lambert
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(Principal plane, A= 49204, g,=53")
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Fig. 75 shows the resulting polarization curves for the same red
clay surface, same sun zenith angle, but for a wavelength of 6430 ?\. The
hump in the clay plus atmosphere curve is explained by the interaction of
the various components as described by equation (71). Fora wavelength
A= 64302, the I solution falls off more quickly as one moves from the
horizon toward the nadir direction than for the case A= 4920 Pc:. Also
component Iy should in general be more significant at this wavelength
because:

(1) surface reflectivities are generally higher.
(2) the optical thickness is smaller, thus permitting less attenuation.

Since surface polarization is generally lower for the longer wave-
length, the net effect would seem to be that the degree of polarization of the
emergent radiation would usually be less at the longer wavelength, but the
surface reflection characteristics play a more important role in determining
the polarization profile.

b. Results for White Quartz Sand

Fig.76shows the polarization curves of the emergent radiation for
the sand plus atmosphere and the Lambert surface with an equivalent albedo.
The curves are for a wavelength ) = 4920 X, and a sun zenith angle of 53°,
The importance of surface polarization is again seen in the next figure.
Fig.77 shows the degree of polarization of the emergent radiation for a
wavelength A = 6430 A. The profile is seen to be quite different for the cor-
responding case with the red clay surface. Itis interesting to compare

Fig.76 and Fig.77 with the corresponding surface polarization curves, shown
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as Figures 78 and 79 .

Figure 80 is interesting. It shows little difference between the sand
plus atmosphere and the Lambert surface solution. The reasons for this are:
(1) The surface polarization of white quartz sand with the source at the zenith
show the polarization to be less than 2% for 0° < 6 < 80°
(2) The variation of directional reflectance for 0o sf = 750 was also less
than .02. Hence, for the source at the zenith, white quartz sand is a fairly
good approximation to a Lambert surface.

c. Results for Desert Sand Surface

Fig. 8l shows the degree of polarization of the emergent radiation in
the principal plane, as a function of nadir angle, for a desert sand surface.
The wavelength is 4920 X, and the zenith angle of the sun is 78. 50. The low
sun angle and increased optical thickness due to the presence of aerosols
combine to minimizé the effects of surface reflection on the polarization
profile. The main effect of the ground is to act as a depolarizer of the
polarization due to the combined standard case solutions for the aerosol and

Rayleigh scattering. The existence of the neutral point (Arago) at ¢= 0,

6 = 80° is a combination of: (1) This is predicted for Rayleigh scattering
alone for sun zenith angles 700. (2) The scattering angle at these para-
meters is not too far from the forward direction. The aerosol model also
has negative polarization for small scattering angles.

Fig. 82 shows the same sample, but for a wavelength of 6430 f‘)\ and a
sun zenith angle of 53°. The increased wavelength and decreased zenith

angle combine to increase the importance of surface reflection characteristics
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in determining the polarization profile.

d. Results for Green Grass Surface

Fig. 83 shows the degree of polarization of the emergent radiation
for a sample of clipped green grass for a sun zenith angle of 53°. The
combination °£, short wavelength (4050 ?\). "'1 ~ .50, and low surface
reflectivity (R = .026) imply that ground reflection effects will have virtually
no contribution in altering the polarization profile. In fact, Rayleigh
scattering is seen to be the dominant factor, with the aerosol acting as a

depolarizer.
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Effect of Surface Reflection on the Propagation
of Optical Contrasts - K. L. Coulson and E. L. Gray

I Introduction

The problem of contrast attenuation by the atmosphere has been the
subject of renewed interest since the advent of satellites and very high
altitude reconnaissance aircraft. The Cornell Aeronautical Laboratory [19617
performed a relatively extensive study of the photographic reconnaissance
problem, one of their main conclusions being that contrast reduction is
strongly related to the reflectances of both the object and its surrounding
background. In a more recent and comprehensive analysis of the problem
from a theoretical standpoint, Fraser [1964b] also emphasized the role
played by background reflection on contrast transfer in the earth's atmosphere.

Of particular interest in Fraser's investigation is the possibility of
contrast enhancement by the use of a polarizing optical system in the camera.
He showed that for certain atmospheric conditions and geometries of solar
and viewed angles, the whole-atmosphere contrast transmission coefficient
for one of the orthogonal intensity components is as much as 20% greater
than that for the total intensity at a wavelength of A= 4360 ?\. For

A =8090 R it is possible to get a contrast transmission coefficient of 99%
by use of an analyzer inthe system.

The contrast transmission is shown by Fraser to be relatively
sensitive to surface reflectance, corroborating the results obtained at the

Cornell Aeronautical Laboratory 1961]. Fraser considered the surface



reflectance to be that of a Lambert surface (intensity independent of direction
and zero polarization of the reflected radiation) with a total reflectance of

0, 0.25, or 0.80. It is known, however, that most natural surfaces do not
exhibit Lambert type reflection.

In an effort to determine quantitatively the effects introduced into
the atmospheric radiation regime by reflection from non-Lambert surfaces,
we are in the process of making measurements of the reflection properties of
a number of natural surfaces and introducing those data into the radiative
transfer theory for selected models of the earth's atmosphere. So far we
have measurements for vegetation, different types of sands, various kinds of
soils, and a number of other materials. The present discussion of the effects
of reflection from a natural surface on contrast transmission is based on the
data for two types of surfaces, namely, green grass, such as that in a closely
clipped lawn, and a sample of desert-type sand obtained from the region near
Mojave, California. The details of both the method and the results obtained
are outlined in the following sections.

II Method

The method follows closely that used by Fraser [1964b], but certain
modifications have been necessary in order to introduce our reflectance
measurements. We assume a target of some known reflectance

mw ?t (1,9 M CPO) to be positioned on a horizontal surface of background
material with reflectance 7§, (s, @ ;44,, @) . Both reflectances are

in general dependent on the solar zenith angle 6, = arccos A4, and azimuth

P o with respect to an arbitrary azimuth, and on the nadir angle 6= arccosm




and azimuth @ at which the surface is viewed.
The intrinsic contrast between target and background is taken
as the basic contrast which exists at the level of the surface and includes no

contrast degradation effects by the atmosphere. It is defined as

ft</“)¢;/"0) P) - ﬁ, (M P Mo, ¢.)
ﬁ (1,95 #4e, @)

Lol @ 4, @) = Lo (f9@5 Fey Ps) (1)
Ly (M5 00, @)

C(T= T;p, @)

The equation holds for intensities as well as for reflectances, since the
incident radiation is assumed the same for both surfaces. The normal optical
thickness T of the atmosphere is the same at the surface as the whole-atmos-
phere value T;. If the target-background combination is viewed from some
altitude above the surface at which ¢ = Z,, atmospheric effects enter the

problem and produce an apparent contrast which is in general different from
the intrinsic contrast. In particular, at the top of the atmosphere where
T = 0, the apparent contrast is

L (O, @) - I(0; 0, @) 2)
Ib(O;f"': ?)

C(O;/0, )

The problem of contrast transmission for the whole atmosphere thus consgiste
essentially of determining L (/. ¢) and I (4, ¢ ) at the top and bottom of
the atmosphere.

It should be realized that the intensities in Eq. (2) may be the total
specific intensity as a scalar quantity, the total vector intensity, or any of

the well-known Stokes parameters Ie('“" ) I.(p, @), U(p, 9), where



e and r denote the orthogonal directions parallel and normal, respectively,
to the vertical plane through the observed direction. For the case in which
all of the Stokes parameters can be determined, the state of linear polarization
P(O;uo, @ ) of the emergent radiation can be computed, as is done below for
these selected cases. Such information may be valuable in designing instru-
mentation for high altitude reconnaissance or in other problems in which
contrast enhancement is desired.

In order to obtain values for the intensities of Eq. (1) and Eq. (2),
we assume a model system consisting of a uniform horizontal surface under-
lying a plane parallel atmosphere of total normal optical thickness 7| (r)
at wavelength A. The atmosphere may be composed entirely of molecular

®is the Rayleigh

size particles, in which case z'l (a) = Z',(ﬂ{}\) where 7T
optical thickness, or it may have some dust or haze particles of known
distribution and scattering properties. For this latter case, T (r) =

(R) A) (A)
(2] (a) + 'Cl (r), T, () being the optical thickness of the aero-
sols only.

The radiation which is directed upward from the top of such a model
consists of the five components shown schematically in Fig. 1, each component
having undergone its own history of transmission or scattering in the
atmosphere. While a complete discussion of the various components is
outside the scope of this paper, they are discussed elsewhere [Coulson,

Gray, and Bouricius, 19657, and the final expressions are given below.

If unpolarized incident solar flux of mwe E (- /4 o) is incident on

a unit horizontal surface at the top of the atmosphere, the individual components
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of the emergent radiation are the following:

Component No. 1 - Radiation which is transmitted directly through the

atmosphere, reflected from the surface, and transmitted directly back out

through the atmosphere. It is given by the vector expression

[+ Mo
- ?:l( 1P )

Iop (O; 0, ) =1/2 mE M fb(/w,cp;/bo» Po) S L\,V(r;,?) )
The symbols used are defined in Table I below.

Component No. 2 - Radiation which is transmitted directly through the

atmosphere, reflected from the surface, and transmitted diffusely back out
through the atmosphere. It also is a vector and is given by the expression

z, ! am -, , ’ , '
1pgl0ir @ )=§;7/*oFe%‘°fffb(ﬂo.?o;ﬂ',¢) T (#0490 N (K,0) de dp "

Component No. 3 - Radiation which is transmitted diffusely through the

atmosphere, reflected from the surface, and transmitted directly back out
through the atmosphere. In order to simplify the computation of components
3 and 4, an assumption has been made that the diffuse skylight is reflected
from the surface by Lambert's law of reflection, the total reflectance being
obtained by integrating the measured directional reflectance f’é/f". ? ity Pa)
over the hemispheric solid angle. The approximation is reasonably good for
three reasons. First, the diffuse character of the skylight minimizes the
directional effects and the resultant polarization of the resultant flux at the
surface. Secondly, the quasi-diffuse nature of reflectance from the natural
materials used in these measurements further decreases directional effects

in the surface-reflected radiation. Finally, the skylight contributes a

6



relatively small portion of the total energy incident at the surface, particularly
for cases of small optical thicknesses and small solar zenith angles. Un-
fortunately these last criteria do not apply to all three of the cases discussed
here, however.

With the Lambert approximation for the skylight, component number

3 is expressed as

d °© ™l 2(-R%)

This includes the part of the surface-reflected radiation which is scattered

Lo (04, Z,,R)Z TF p ﬁ{l‘c(f"o)j;&(/*o) ) c-%%}@-%» (5)

back down to the surface by the overlying atmosphere.

Component No. 4 - Radiation which is transmitted diffusely through the

atmosphere, reflected from the surface, and transmitted diffusely back out
through the atmosphere. We again invoke the Lambert surface approximation

and express this component as

- 5 .7 .z
1,400, . T}, R) = nr&g{rgg?) w;a‘_:gm)_c /f*-}{a'ew); ¥, (1) _c’/r'} (6)
~R$

Downward scattering of the surface reflected radiation is accounted for here
also.

Component No. 5 - Radiation which is backscatitered by the atmosphere with-

out ever having reached the surface. This component is given in its complete

vector form by

! .
L (0ipP) = gm S P P0) TE (7)

This corresponds to the ''standard" case of Chandrasekhar [19501.



regardless of the position of either the carriage or the instrument carrier arm.
The two degrees of freedom then provide the possibility of the instrument

viewing the surface at any (8, ¢) direction within the ranges 0°< g = 80°,

0 < ¢ < 360 . The carriage can be positioned on the track in a position
such that the single instrument carrier arm will never shade the viewed area
from a single source or from direct sunlight, although it will, of course, cut
off a small amount of the skylight. In order to minimize the interruption of
skylight by the instrument moulnt, the whole structure has been kept very low.
Fig. 3 is a photograph of the assembly showing additional details.

C. Optical System and Color Filter Curves

The reflectometer sensor head itself is shown schematically in Fig. 4.
The light, L, enters the collimator tube, C, is chopped by a chopper rotated
by motor, M, and passes successively through a rotating analyzer, A, an
optical filter F, a divergent lens, G, and finally activates the cathode
surface of photomultipliér tube, P.

The response of the photomultiplier is amplified and recorded on a
standard strip-chart recorder. The acceptance field for the instrument is
limited to a 2.5 half-angle cone by the diaphragms within the collimator tube.
In order to minimize possible polarization sources within the instrument, the
optical components have been restricted to the bare essentials; no mirrors
are used and the only lens is behind the analyzer in the optical train. The
analyzer, a Glan-Thompson prism, is rotated, by a synchronous motor, at
approximately 7. 6 revolutions per minute. The photomultiplier tube is an

end-on type, RCA #7236. Measurements taken of a natural light source




Fraser [1964b]), the apparent contrast C (0; 4, ¢ ) between target and back-

ground as seen at the top of the atmosphere can be expressed in terms of the

inherent contrast C ( 2’1; /*, P ) which exists at the bottom of the atmosphere

and an atmospheric contrast transmission coefficient Y ( ‘L’l; /*, P ) such that
CO:;p, @)=Y (Z);p0, @) C(T i~ P) (8)
The utility of this formulation can be seen from the following consideration.

The relationship between the intensities of the emergent and surface-reflected

radiations is expressed by the formal solution to the transfer equation, which

is (cf. Chandrasekhar [1950], page 12)

A 2 -the dt
LOp ) =1(Tim @) e 7+ [ Tep ey e F (9)

The quantity J is the so-called source function. By substituting Eq. (9) in

Eq. (2), we obtain ] ) -2’1”‘,
{It ‘fl-f‘""lb"r""‘”} e

CO;pm,9 )= - 7
-T, ’ -
L (zl;f~.?') e ot J' J(t,m,?) e 'Ph%ﬁ?
. -]
From Eq. (8) it is seen that
<2,
Y(Z,;/4, @)= C(0; 4+, 9) = I,(Z ;9 C & p
C(Z;pm,9p) - T -t
1 L (T~ @) € 1/'u+ fJ(t;,“,? ) € dt
o ~”

(10)
As pointed out by Fraser [1964], this is a very convenient situation, for
the transmission coefficient depends only on the radiation field due to the
atmosphere and background, and not at all on the characteristics of the target

as long as the target fulfills the criterion of being small relative to the back-

ground. This means that we can compute Y ( ‘L’l ; #, @) for a selected surface



such as, for instance, desert sand, and then easily determine by means of
Eq. (8) the apparent contrast for any target we desire as long as the reflection
characteristics of the target are known.

The coefficient Y (zi;/‘*, ® ) can be expressed in terms of the five components
of intensity of the emergent radiation discussed above (cf. Equations (3) to (7))

as

1 +1
Y (Time, @) = DD "dD

+
I 0¥ g *Lap @ laa * 1

(11)

Curves of Y(z;/, ? ) and of the individual components are given in the next
section.
III Results

Three cases have been selected to show the effect of surface reflection on
the contrast transmission coefficient and the resulting contrast that would be
seen at the top of the atmosphere. Desert sand, at two wavelengths and two
solar zenith angles ( A = 4920 X, 60 - 78.5%; A =6430 X. 80 = 53.10), has
been selected as a surface with moderately high reflectance, and a sample of
closely clipped green grass has been chosen as a surface with low reflectance

o
associated with a relatively large optical thickness ( A= 4050 A, 7 = 0. 50,

90 = 53. 10). A slightly turbid atmosphere has been assumed for all cases,
the size distribution of the aerosol particles being that of a continental type
aerosol (Model C, Fraser [1964a]). An exponential decrease of aerosol con-
centration with altitude has been assumed, with a scale height of 0.98 km.
(Penndorf [1954])

The directional reflectance of the two surfaces as measured in the

10




laboratory is shown by the plot of the quantity n ¢ (#, ¢4 @) as a function
of nadir angle at which the surface is viewed in Fig. 2. The factor 7 is a
normalization constant. The curves are for the principal plane (vertical plane
through direction of incident radiation), the direction of the anti-source
(6=6,, ¢= 1800) being indicated by the arrows. The curves in the vicinity

of the arrows have been faired in by eye, since an interference between
instrument and source prohibit measurements just at & = 8,- The total
reflectance R, obtained by a hemispheric integration of the directional reflect-

ance f(/w. Py CPO), for the three cases is the following:

Desert Sand, A = 4920 &, 6= 78.5° R =0.310
Desert Sand, )\ = 6430 ], 6o= 53. 1° R =0.360
Green Grass, x= 4050 &, 4= 53.1° R=0.026

The polarizing characteristics of the surfaces are shown by the data
from laboratory measurements in Fig. 3, in which the degree of polarization
of the reflected radiation is plotted as a function of nadir angle in the principal
plane at which the surface was viewed. The incident radiation was unpolarized
for all of the measurements. Measurements at other azimuths permitted
hemispheric maps of P (4, ¢ ) to be constructed, from which a value of P for
any direction in the hemisphere could be obtained.

By use of the measured values of f(/u., P M cpo) and P (s, @ ) for the
selected surfaces, the individual components of the emergent radiation were
computed by Equations (3) to (7). The relative intensity of the various components
for desert sand at ) = 4920 X are shown, as a function of nadir angle in the
principal plane, by Fig. 4. The top curve represents the total intensity I of

the emergent radiation and is simply the sum of the individual components.

11
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While a complete discussion of Fig. 4 is outside the scope of this paper, two

features should be mentioned. First, the strong limb brightening, due largely

(R)

to the Rayleigh part I

of I5, is exaggerated somewhat by the assumption of
a plane parallel atmosphere, but the effect is not important at 8 < 80°. Secondly,

the strongly asymmetric character of the curve for the aerosol part I(SA) of I

is a result of the well-known asymmetric scattering pattern of aerosol particles.
The contrast transmission coefficient Y ( Tyi M, @) for this case, obtained
by the introduction of the intensities of Fig. 4 into Eq. (8), is shown by the
middle curve of Fig. 5. In the nadir direction the apparent contrast as seen
from the top of the atmosphere would be about half of the inherent contrast
which exists at the surface, while the longer atmospheric pathlengths in other
directions cause a greater degradation of the contrast during its atmospheric
traverse.
In the discussion of the five individual intensities which emerge from the
top of the atmosphere, it was seen that curves similar to those of Fig. 4 can
be computed for the two orthogonal components Ie and I... From those results,
the contrast transmission coefficients Y; and Yj can likewise be computed by
Eq. (8). This procedure has yielded the Y; and Y; curves of Fig. 5.%
Since the inherent contrast in one orthogonal component is transmitted con-

siderably better than that in either the total intensity or the other orthogonal

component, it would be of considerable practical advantage, other things

* The indices j and i represent thedirections in and normal, respectively, to
the plane of polarization, while the indices e and r refer to the directions
in and normal, respectively, to the vertical plane through the observed

direction. In the principal plane directions i and e coincide, as do directions
j and r, but this is not generally true otherwise.
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E. Operation and Calibration Procedure

Calibration of the instrument response versus relative radiant
intensity was performed once each day during the measurements program by
introducing neutral density filters of known transmission characteristics
serially in the optical path at a constant incident intensity, and measuring the
recorder deflection produced. The calibration curve determined by these data
points was fitted by the least squares method with a third degree polynomial.
Every reflectance measurement was then corrected by the application of the
polynomial during the data reduction process.

In order to eliminate the necessity for absolute energy measure-
ments, the ratio of the intensity of radiation reflected from the sample
surface to that reflected from an assumed perfectly reflecting standard surface
was used to compute directional reflectance p(8,¢). In the regular opera-
tional procedure followed in the measurements, the sample reflectance in the
normal direction was measured immediately after that of the standard surface,
the illumination being considered constant over the minute or so necessary to
complete the two measurements. Thus the sample measurement in the normal

direction became a secondary standard of known reflectance. Repeated returns

to the normal direction during the measurements sequence permitted corrections

to be made for amplifier drifts and changes of light output of the source.

The normal sequence of measurements, for one wavelength and one
position of the source, was as follows:
o
(1) Standard surfaceat 8 =0

(2) Sample at 8§ = Oo(this used as secondary standard)

17



Fig, 6 Distribution of the contrast transmission
coefficient Yiover the downward hemisphere
for the case of desert sand, A = 4920 &, and

8 = 78.5° The pattern is symmetrical with o
respect to the principal plane. 0]
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components of radiation emerging from
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a surface of clipped green grass. The
components IdD and I;4 are everywhere less
than 0, 002 and are not.plotted.
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I(SR ) and I(SA due to atmospheric scattering, however, dominate the picture
throughout the whole hemisphere. As a consequence, the numerator of Eq. (8)
is very small compared to the denominator, and the very low contrast trans- ‘
missions shown by Fig. 10 are the result. Since most of the intensity is supplied

by the relatively highly polarized atmospheric scattereq components, there is

a large difference between Y, and Yj near the angle of maximum polarization

for Rayleigh scattering.

IV Discussion

It is instructive to compare the intensity* of the background radiation
with the intensity of the radiation which a typical target would exhibit, both
being observed at the top of the atmosphere. For this purpose we assume that
a target is located in the nadir direction at ground level and that the target
reflects isotropically 80% of the radiation which falls on it. The inherent and
apparent contrasts between the target and background, as well as the contrast
transmission coefficient and the intensities of radiation from the background
and target at the top of the atmosphere, are listed for the three cases in

Table II.

* Although intensities are given in relative units in this paper, they are easily
converted to absolute units. In the computations the magnitude of F has been
taken as unity, thereby making the incident flux across a unit surface oriented
normal to the direction of propagation at the outside of the atmosphere equal
to 7 . In order to change to the case in which the incident flux has ¢ units
of energy per unit time and unit frequency interval, it is only necessary to
multiply these results by & /1 .
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10, Contrast trarnsmission coefficients
for a slightly turbid atmosphere
overlying a clipped green grass
surface. The curve Y is for the total
intensity, while Y and Y, are for the
orthogonal intensity components which
are parallel and normal, respectively,
to the plane of polarization. (A= 4050 A,
90 = 53°, principal plane).
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Table II - Contrast between target of f? = 0. 80 and background as seen from
ground (C (T = 7) and as seen from top of atmosphere ( C (7 = 0) ),
together with contrast transmission coefficient (Y) and intensities of back-
ground (Ib) and target (It ) at top of atmosphere. The data all apply to the
nadir direction.

[0}

Surface A(A) 8o( ) C(r=71) Y C(T=0) Ip(T=0) It(7=0)
Desert Sand 4920 78.5 2.43 .472 1.15 . 060 .129
Desert Sand 6430 53.1 1. 52 . 839 1. 27 .186 .422
Green Grass 4050 53.1 35.4 0.062 2.19 0.097 0. 309

It is seen that although inherent contrast and contrast transmission
are both reasonably large for the desert sand at 4920 1(\), their product gives
less apparent contrast than that of either of the other cases. For desert sand
at 6430 X, the low inherent contrast is compensated by a high value of Y, and
the very high inherent contrast between target and grass at 4050 ?\ is trans-
mitted sufficiently well to give the highest apparent contrast of the three
cases.

The relative intensities of the background radiation (I) and of the radia-
tion in the direction of the target (I; ) are compared graphically in Fig. 1l.
The three curves in the diagram are the total relative intensities of the back-
ground radiation, and the superimposed bars represent those in the direction

of the target.
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